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ABSTRACT 


Native copper and chalcocite are the principal minerals in the ore 
deposits at Corocoro, Bolivia. The deposits are found in beds of two 
unconformable clastic formations in which red colors predominate. The 
formations, known as the Ramos and Vetas, show characteristics of sub- 
aerial deposition. The older beds are the Ramos, which dip 20 to 60 
degrees eastward, while the younger Vetas dip 45 to 80 degrees westward. 
Locally the two formations are separated by the steep-dipping Corocoro 
fault. No igneous rocks are known near the ore deposits. 

Native copper is localized in certain sandstone beds of the Ramos and 
in the oxidized zone of the Vetas. As most mine openings in the native 
copper areas are now inaccessible practically no studies of the ore occur- 
rence could be made. There is, however, some suggestion of bleaching in 
the Ramos. 

The occurrence of chalcocite was studied in detail throughout the 
Vetas. The mineral is interstitial with sand grains and rock fragments in 
certain red sandstone and arkose beds. Where vegetable, or coaly, matter 
is found, chalcocite replaces it. 

The localization of the chalcocite in a particular bed seems to be related 
to processes of sedimentation. The orthorhombic chalcocite is found in 
depressions in the original sediments, especially where the base is a mud- 
stone; the pitch of the ore bodies coincides with the direction of flow of 
water; the strongest concentrations of chalcocite are at the base of the 
beds ; the channelling of the beds suggests that the copper was localized at, 
or soon after, the time of sedimentation; and the replacement of woody 
structures before the collapse of the wood cells seems to be significant. 
On the negative side, there is no alteration in the Vetas that can be 
ascribed to igneous activity; no ore is localized along faults or fractures; 
and common gangue minerals such as pyrite, etc., are lacking. 

The observations suggest that the controls of the ore bodies may be 
dependent on processes of sedimentation and that these processes may not 
have been effective controls if the source of the chalcocite were derived 
from magmatic emanations. 





INTRODUCTION 


THE copper deposits at Corocoro, Bolivia, although only moderate in size, 
have created much interest among geologists because of the presence of un- 
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usually large quantities of native copper which constituted much of the pro- 
duction for many years. In more recent years, however, chalcocite has sup- 
planted the native metal as the principal mineral in the ores, and this present 
paper deals largely with the occurrence of the sulphide. 

No accurate figures are available on the total production, which dates 
from pre-Colonial days, but approximately 7,000,000 metric tons of ore con- 
taining 350,000 metric tons of fine metal has probably been extracted from the 
district. Small quantities of silver and lead have also been produced. 

The Corocoro mine has been operated by a subsidiary of the American 
Smelting and Refining Company in recent years but since October 1952 it 
has been leased to the Corporacion Minera Boliviana, an entity of the Bolivian 
government. The writer spent a year at the property in the employ of the 
Smelting Company and geological investigations were continued by them 
afterwards. 

Published data have left many of the perplexities of the geology un- 
answered or unconvincingly explained. Newer underground development and 
diamond drilling have helped to clarify some of the problems but there are still 
many debatable features about the geology. This paper records some of the 
newer information and re-opens the question of ore genesis. 


PREVIOUS WORK 


Of the many papers published on Corocoro only a few are readily obtain- 
able but, fortunately, Singewald and Berry (14) have carefully reviewed 
much of the earlier work in their excellent publication. Since the time of 
their study Ahlfeld (1, 2), Berton (3), Kohanowski (9) and others have 
written their observations and conclusions. Various private reports in the 
files of Cia. American Smelting Boliviana, S.A. were made available. 


SEDIMENTARY ROCKS 


In the vicinity of the mines the only rocks are sedimentary, and at least two 
series of clastic rocks, in which reddish colors predominate, have been recog- 
nized by all geologists. One series dips eastward and the other westward 
(Figs. 1,2). In all previous publications the contact between the two series 
has been taken along a north-striking fault, called the Corocoro fault, but it 
will be shown later that the fault does not form the contact in all places. 

The east-dipping beds, called the Ramos, are comprised of dull red shales, 
red to pale gray sandstones, and a few conglomerate beds that contain pebbles 
of igneous rocks. Some beds appear to be water-lain tuffs. Gypsum is 
commonly found, largely as veinlets and impregnations. Many of the beds 
of the series show characteristics of deposition under subaerial conditions. 
Raindrop prints, ripple marks, and mud cracks are excellently preserved. 
Complete, detailed descriptions of the beds in the Ramos series, including a 
composite section 3,736 m thick, are given by Singewald and Berry (14). 
The formation is moderately folded and the dips vary locally from 20 to over 
60 degrees eastward. No evidence of over-turning has been found. Within 
a stratigraphic range of about 60 m there are, in places, as many as a dozen 
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Fic. 2. Cross-section through Toledo shaft. 


white to grayish white sandstone beds from which much of the native copper 
was mined. 

The west-dipping formations, called the Vetas, are in many ways similar 
to the Ramos. Sandstones, varying in color from red to yellow and white, 
are more profuse than in the Ramos. Arkosic beds commonly occur in the 
lower part of the series and conglomerates are more common higher. The 
Vetas likewise contain fine examples of raindrop prints, ripple marks, and 

















CHALCOCITE-ORE DEPOSITS AT COROCORO, BOLIVIA 559 


cross-bedding. Chalcocite is found in the arkosic beds as well as in certain 
sandstone members. 

The Vetas series have been studied in considerable detail, especially close 
to the ore zone, and have been divided into several mapping units. The lower- 
most beds, locally called the Toledo formation, are largely mud stones and in 
many of the beds there are rounded gypsum pebbles that appear to be water 
worn. Sandy beds are uncommon and the ones that do occur in the upper 
levels of the Toledo mine become more silty in the deeper levels (Fig. 3). 

Above the Toledo formation the beds contain many arkose and sandstone 
horizons. These beds, which form a mapping unit called the San Marcos 
formation, contain the principally known chalcocite-ore bodies. The forma- 
tion has a prevailing bright coloration that varies from yellow to red and 
maroon. 

Overlying the San Marcos formation is a series of red mudstones, gray 
to white sandstones, and a few arkosic beds, the last generally light gray in 
color. These beds are known as the Dolores formation and are, in general, 
lighter in color than the older ones. Several of the sandstone beds contain 
small bodies of chalcocite ore. The highest named formation is the Mercedes, 
which is composed of red shale alternating with gray and white sandstone. 
No arkose is present but conglomerates composed of well-rounded pebbles in 
a gray sand matrix are found about 30 m above the base. Other beds of 
the Vetas series overlie the Mercedes but these have not been studied in detail 
because they seem to be well beyond the ore-bearing strata. 

The Vetas series dips west in the ore zone at an average of 60 degrees, 
but this dip does not continue eastward to the Corocoro fault. The beds 
near the fault stand nearly vertically and gradually flatten to the west until 
they dip only 45 degrees in some of the longer cross-cuts into the Mercedes 
formation. In a few places the steeper dipping beds towards the base of the 
formation have been truncated by overlying beds that dip several degrees 
flatter. This relationship suggests that the land mass was gradually sinking. 
The progressive change to finer-grained sediments in depth in the Toledo 
formation indicates a source to the east. 

Singewald and Berry (14) proposed a third series that they called the 
Desaguadero. These beds cap Corocoro Peak and dip southeasterly. By 
mapping distinctive beds it is now possible to correlate them with the upper 
part of the Ramos series. The term Desaguadero is still used locally as a 
mapping unit in the Ramos series and separation somewhat clarifies the 
structural pattern of the area. The correlation of these beds and recent 
diamond drilling confirms the overthrust proposed by Briiggen (4). Singe- 
wald later withdrew the Desaguadero as a younger formation (16). 


AGE OF THE FORMATIONS 


After a study, of the paleontological evidence, Singewald and Berry (14) 
conclude that the Ramos and Vetas are of Pliocene age and consider the 
Ramos the younger. The age determination of the Vetas was based on a 
collection of fossil plants. A fossil footprint, found in the Ramos series about 
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three kilometers southwest of Corocoro, was originally identified as one be- 
longing to a form of Triassic age (13), but apparently later this opinion was 
revised (14) and the age changed to Pliocene or Pleistocene. Singewald and 
Berry failed to find any other organic remains and had to depend on the 
previous description of one skeleton found in the Santa Rosa mine where 
workings exist in both the Ramos and Vetas series. 

Berton (3) places both the Ramos and Vetas in the Pliocene and likewise 
regards the Ramos as the younger strata. Ahlfeld (1) stated that the V ‘as 
are younger, but in a more recent publication (2) he had apparently changed 
his opinion and believes that the two series are only sub-divisions of the same 
system and that the Vetas are the older. 

Kohanowski (9) makes a complicated segregation of the Ramos and 
Vetas series into several named and un-named formations that range in age 
from Devonian to Pliocene. He seems to place a large part of the Ramos 
in Permotriassic time, but this point is not clear. The Vetas are considered 
Eocene or Miocene. 

The underground development work at the Toledo mine and farther 
north at San Agustin mine has exposed the contact between the Ramos and 
Vetas without the interference of the Corocoro fault. The contact in the 
Toledo mine shows clearly that the Vetas rest unconformably upon the 
Ramos (Fig. 4). At the San Agustin mine the same relations can be seen but 
a thin seam of gouge occurs between the two series. 

The surface contact between the Ramos and Vetas lies both east and west 
of Corocoro fault, instead of the fault forming the contact as described in all 
previous publications (Figs. 1, 2). The established mapping units in the 
Vetas series show that the Toledo and San Marcos formations crop out on 
both sides of the fault. 

No contributions as to the geologic age of the two series can be made but 
it is suspected that the hiatus may be of longer duration than generally con- 
sidered, especially in view of the fact that much tilting must have taken place 
between the sedimentation of the Ramos and Vetas. 


IGNEOUS ROCKS 


No igneous rocks are known near the ore deposits, but in the general area 
there are several outcrops that lie 16 to 19 km to the north and northwest. 
Detailed mapping has not covered these areas. A generalized district map by 
Ahlfeld (2) shows the intrusive rocks in the Ramos series only. A similar 
map by Kohanowski (9) indicates that the rocks surrounding the intrusions 
are Ramos and post-Pleistocene formations ; the latter, however, probably only 
overlap the intrusions. 

Rounded and sub-angular fragments of igneous rocks are found in the 
coarser beds of both the Ramos and Vetas. In the Ramos two types of 
rocks are represented, (1) a fine-grained igneous rock apparently of volcanic 
origin, and (2) a coarse-grained, granitic rock. The source of this material 
is unknown. In the Vetas series the igneous rock fragments appear to be 
derived from one of the intrusive masses to the north. At least the rock 
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type is similar. The fragments are rounded and weathered ; some are as large 
as 20 cm in diameter. 

The presence of igneous rock fragments in the Ramos indicates igneous 
activity before sedimentation of the beds. These fragments, however, may 
have been transported a long way. Igneous activity continued, or was re- 
newed, during the sedimentation of the Ramos as shown by the masses that 
intrude the beds. Since the boulders and pebbles found in the Vetas appear 
to be the same rock as intrudes the Ramos, seemingly all intrusive action had 
ceased by the time the Vetas series were deposited. 


FAULTING 


Three periods of faulting have been recognized, (1) small displacements 
in the Ramos series, (2) the Corocoro fault, and (3) the Guallatiri overthrust. 
The Ramos series have been faulted in many places and the displacements are 
measured in centimeters, or a few meters. The faults vary greatly in strike 
and dip and no pattern has made itself apparent. No mineralization or veining 
seems to be localized by the faults and none continues into the Vetas. 

The Corocoro fault is longitudinal in so far as it parallels the strike of 
the Vetas series, but forms an acute angle with the average strike of the 
Ramos. On the surface it can be seen clearly in only a few places but 
topographic changes indicate its probable trace. Underground the fault dips 
vertically or steeply to the west and is marked by a zone of red gouge one to 
five meters wide. Locally it splits into several strands between which are 
caught copper-bearing beds. The vertical displacement is approximately 
80 m near the Toledo shaft (Fig. 2). Gouge stranding suggests some hori- 
zontal movement but the magnitude of this component is unknown. 

At no place has alteration of the wall-rock been seen in association with 
this fault, nor has any veining of introduced minerals been found. Locally, 
where copper-bearing beds have been trapped between strands, the breaking 
and fragmentation of these beds suggest post-mineral movement. 

No other faults have been found within the Vetas series except some minor 
bedding plane slips along certain of the soft mudstones. 

The Guallatiri overthrust was apparently first recognized by Briiggen (4). 
It forms an arc around the north side of Corocoro Peak (Fig. 1) and continues 
southward for about 20 km. The movement was largely along a gypsiferous 
shale in the Desaguadero formation of the Ramos series, and the thrust fault 
has now formed a plate of the older rocks that caps the Vetas in this area. 
The overthrust likewise masks Corocoro fault on the surface, although the 
fault can be found beneath the overthrust in the mine workings. Within the 
thrust plate there are numerous fault adjustments. No mineralization occurs 
along the thrust, or in the local adjustments, but a few beds are slightly copper 
stained. 

Of the above faults and fault systems, those in the Ramos are probably the 
oldest because they are confined to the oldest rocks and may have been formed 
before sedimentation of the Vetas. The Corocoro fault is younger than the 
Ramos and the Vetas series because it cuts them. The Guallatiri overthrust 
is, of course, the youngest because it cuts the Corocoro fault. 
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ROCK ALTERATION 


The red rocks of the Ramos series appear to be slightly altered and 
bleached near the ore bodies. The bleaching effects concern the clayey matrix 
of the sand grains in the beds that contain the copper mineralization. There 
is no widespread alteration in the Vetas series. The chalcocite is inter- 
stitial and much of the remaining matrix between the sand grains, or coarser 
fragments, is red clay. Bleaching, however, is not completely absent for 
it occurs as halos around small pieces of vegetable matter. In these places, 
chalcocite replaces the vegetable, or coaly material, and surrounding the 
nucleus for a centimeter or more the red ferruginous clay is bleached white or 
greenish. 


MINERALS 


In the Ramos series the principal mineral is native copper. Various 
oxidized copper minerals, such as azurite, malachite, cuprite, brochanchite, 
and others, are found near the surface. Introduced gangue minerals are rare. 
Small amounts of aragonite, barite, gypsum, and celestite have been found. 
The aragonite occurs in crystals. These are replaced by native copper in 
many places. 

The Vetas are important largely for chalcocite, which has been described 
by Kohanowski (9) as the orthorhombic variety which crystallizes at less than 
105° C (5). Galena, sphalerite, and domeykite (?) have.also been found. 
Oxidized products of the sulfides, including native copper, are now present 
in the upper zone. The sulfide ores contain a small quantity of silver—65 
to 70 percent copper concentrates, composed of chalcocite, usually contain 
only about 30-40 grams per metric ton—and native silver has been mined 
from small pockets near the surface. 

A number of polished sections of the ore minerals from the Vetas series 
were. studied under the microscope by Dr. McLellan (11). This study has 
shown that the chalcocite occurs in cavities, in porous parts of the sandstone, 
as a cementing agent of the quartz grains, and as a replacement of the original 
ferruginous cement. Chalcocite penetrates minute fractures in the sand grains 
in one specimen. The mineralization generally is elongated or follows along 
the bedding planes, but in one specimen it occurs in haphazard directions. 
One specimen of chalcocite replacing wood collected from the San Marcos 
formation on the 12th level was examined microscopically. The wood cells 
appeared to be intact, that is, not crushed, when replacement occurred. The 
replacement followed the grain of the wood, bursting through the walls along 
its path. 

Native copper has been deposited on chalcocite and in one specimen both 
minerals are coated with a bronze-colored or iridescent mineral which the 
spectograph shows to be rich in arsenic. This may be the mineral previously 
identified as domeykite. Chalcedonic quartz fills some voids in the sandstone 
and also was deposited on chalcocite. A specimen containing chalcocite, 
galena and amber-colored sphalerite from a mine some 30 km south of 
Corocoro was also studied. The paragenetic relations of the minerals are 
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Fic. 3. Columnar sections of Toledo formation. 


not clear, but Dr. McLellan is under the impression that chalcocite was 
deposited first and that the galena-sphalerite mineralization took place si- 
multaneously at a later date. There is evidence of solution and re-deposition 
of the lead and zinc. 

A spectrograph of this specimen shows a wide range of elements which, in 
descending order of abundance, are: Silicon, zinc, lead, copper, aluminum; 
calcium, iron, magnesium, sodium; barium, manganese; titanium; silver, 
cadmium; antimony, arsenic, boron, chromium, cobalt, gallium, indium, 
nickel, potassium, strontium, tellurium, vanadium, zirconium; and bismuth, 
gold, lanthanum, lithium, molybdenum, and thallium. 

Statements in the literature that chalcocite in the Vetas gives way to native 
copper in depth appear to be without foundation. Many of the deep shafts 
start in the Vetas and chalcocite has been mined from the upper levels. In 
depth, the shafts enter the Ramos where native copper was mined. The 
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chalcocite and native copper thus are found in different series and therefore no 
chart of mineral occurrence can be made from this information. 


ORE OCCURRENCE 


Little can be seen of the ore occurrence in the Ramos series because the 
beds are largely worked out and the underground workings are largely caved. 
Previous literature, however, gives detailed descriptions of the ore. Ac- 
cording to Berton (3), the native copper on the Ramos is found as a cementing 
material of the sand grains and as sheets and plates in the fractures in shales 
and sandstones. Singewald and Berry (14) list the gangue minerals as 
gypsum, barite, and celestite in addition to the quartz and other constituents of 
the host rock. 

The “Dorado” ore bodies mentioned in the older literature are now 
inaccessible but were found along the Corocoro fault. The Dorado ore bodies 
were interpreted by Lincoln (10) to be drag from the Vetas and Ramos, but 
Singewald and Berry (14) disagree with this conclusion because the Corocoro 
fault would then be post-mineral in age. If the Corocoro fault were pre- 
mineral and the ore hydrothermal, the gouge would probably not be red but 
would be bleached. Elsewhere in the mines dragged and broken mineralized 
beds within the Corocoro fault zone can now be seen, from which it is con- 
cluded that the fault is post-mineral. Perhaps the “Dorado” ore bodies were 
larger faulted beds and thus were separately identified. 

In the Vetas practically all the mineralization is found either in porous 
red to maroon arkose or sandstone beds, but the mere presence of these beds 
does not insure ore, or mineralization. The only visual change between 
mineralized and unmineralized parts of a particular reddish-colored bed is the 
speckled appearance of the former due to chalcocite. The chalcocite is a filling 
between the sand grains or angular fragments of the arkose, or a replacement 
of coaly material, but the latter is rare. There is no evidence of veining. 

A detailed study of the San Marcos formation has brought out a number 
of interesting points in regard to certain curious relations between ore localiza- 
tion and sedimentation. A study of a particular bed of the San Marcos forma- 
tion along a strike length of approximately 1,600 m shows that the foot-wall, 
or bottom, of the bed is slightly undulating in strike and in dip; and, in some 
places, has a mudstone, a few centimeters thick, on the bottom. A comparison 
of the contour of the base of the bed with the ore bodies shows that the latter 
are confined largely to the slight depressions. In depressions where ore is 
lacking the mudstone is not present. A further study of the ripple marks 
on the base of the same bed shows that the pitch, or rake, of the ore body lies 
along the direction of flow of water (Fig. 6). 

Locally, tiny water channels have been cut into the underlying beds and 
filled with material of the superior bed. Where the superior bed contains 
chalcocite, the chalcocite impregnated sandstone continues into the filled 
channel (Fig. 5). The converse also occurs. In some places where both 
beds are sandstone there is no recognizable physical difference between the 
mineralized and barren ones. Within the arkose, angular fragments of oxi- 
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Fic. 4. Unconformity between Vetas (left) and Ramos (right) on 3rd level 
of the Toledo mine. 


Fic. 5. Sketch showing chalcocite-filled stream channel in shale bed. 


dized minerals are found even on the deepest levels in the mine. These frag- 
ments are found in barren as well as mineralized country. Within the ore- 
body boundaries, many of the igneous rock fragments are stained green as if 
they had been soaked in a copper-bearing solution. In the individual beds 
there is a local concentration of chalcocite at the base; higher, the mineral 
becomes dispersed throughout the sand grains. Meager observations suggest 
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that strongly cross-bedded sandstone may indicate the end of an ore body. 
In some of the newly discovered ore-bearing beds detailed sampling has been 
carried out on the levels and in the stopes. From these data equal-ore-value 
projections have been made and the distribution of the copper, as illustrated in 
Figure 7, shows a remarkably uniform pattern. The higher grade ore is 
confined largely to the center of the ore channel with a gradational impoverish- 
ment towards the edges. 


COMPOSITION OF MINE WATERS 


A number of samples of the mine water were collected. The samples were 
taken from drip from the roof of workings that cut through the barren, foot- 
wall strata. The high salt content of the mine waters is shown in the deeper 
workings by the incrustations that form in the workings. 


TABLE I 


ANALYSIS OF COROCORO MINE WATERS 











Level — . —— ——. - 
Ca | Meg Na SO, | Cl HCO COs; |r Total salts | pH 
3rd level $i] 1 | 53 | 129 87 | 2 1 278 | 7.6 
8th level 596 | 5 | 3,034 | 1,100 | 5,518 - 91 | 10,344 | 7.6 
10th level 11,136 14 | 26,273 | 772 | 59,387 | 476 | 234] 98,292 | 7.2 
12th level | 12,604 | 2,033 | 32,594 | 607 | 72,252 | 1,561 | 1,278 | 122,929 | 6.4 
14th level 13,755 | 135 | 44,865 | 807 | 71,760 | 1,007 | 495 | 132,824 | 6.4 


All analysis by H. K. Hu. 


The presence of highly saline waters appears to have some effect on the 
chalcocite because within a few months after mineralized ground has been 
opened, the chalcocite becomes somewhat bluish and iridescent. The 
speckled appearance of the rock disappears and the peculiar hue mushrooms 
over the entire mineralized portion of the bed. 

The saline nature of the mine waters is not unusual since Corocoro lies 
in the general region of drainage from Lake Titicaca to the salt lakes of 
Poopo, Coipasa, and others. 


ORIGIN OF THE ORES 


The emphasis in previous literature has been on an igneous origin for the 
Corocoro deposits. Berton (3) simply states that “it seems reasonable to 
ascribe an epigenetic origin to the Corocoro deposits and a magmatic deep- 
seated source to the mineralizers.” Singewald and Berry (14) go further and 
rule out all syngenetic theories and attribute the source of the mineralizing 
solutions “with reasonable certainty to an underlying dioritic magma of which 
the Comanche rock is an offshoot.” Later, Singewald compared these 
deposits with the Michigan copper (15) ; and he cites the fact that in highly 
oxidized environment of the Ramos, wa bs copper would be deposited if the 
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ferric oxide were in excess of the available sulfur. In the Vetas, however, 
the rocks are less ferruginous and therefore copper sulfide was formed; but, 
the fact that alteration is lacking in the Vetas has been completely overlooked. 

Not all geologists are in agreement because Mossbach (12) concluded that 
the Corocoro deposits are of syngenetic origin and, at one time, Ahlfeld (1) 
was of the same opinion. This present author had seen some of the copper 
sandstone deposits in New Mexico before visiting Corocoro and the similarity 
between the two is striking. 

The general trend of thought on the deposits in the southwestern part of 
the United States is that igneous activity has played no part. In certain of 
the deposits in Utah, Butler (6) has suggested concentration in anticlines by 
circulating meteoric waters. Finch (7) proposes that the metal was concen- 
trated at the time of sedimentation. Fischer (8) has made a comprehensive 
study of the copper, vanadium, uranium, and silver deposits in the south- 
western part of the United States and states that “the concentration of the 
metals occurred at the time of deposition of the beds in which they are found” 
but “the present minerals in all cases are believed to be epigenetic.” + White 
and Wright (17) have intimated that chalcocite in the shale members at White 
Pine may have been formed within the original mud. At Corocoro the theory 
of origin suggested herein is considerably more complex than those previously 
mentioned, because it appears that the deposits in the Ramos have a separate 
origin from those in the Vetas. 

In the Ramos series at some distance from Corocoro there are intrusive 
masses and the beds appear to be bleached and altered. The bleaching and 
alteration can hardly be the result of weathering because this agency is one 
of oxidation. Berton (3) has described gossan found in the Ramos near one 
of the intrusions. The small faults found in the Ramos series, however, seem 
to have no connection with the ore, but this point is not clear. 

The main difficulty encountered concerning the origin of the native copper 
has been the precipitation of this mineral. Singewald (15) and others have 
suggested that sulfur-deficient magmatic waters reacting with ferric oxide, 
lime, and magnesia would precipitate native copper. But, was the native 
copper deposited as such? The possibility that the Ramos were deposited 
before the Vetas, then subject to erosion and oxidation, suggests that the 
native copper may be only a product of oxidation of an earlier mineralization 
of which no vestiges now remain. The chalcocite of the Vetas has been 
transformed to native copper near the surface. Although the Ramos ore beds 
have been explored to a depth of about 500 m below the present surface, the 
deepest point is probably less than 200 m below the pre-Vetas erosion surface. 

The occurrence of plates and sheets of native copper in cracks in some 
of the shale beds and the replacement of aragonite by native copper suggest 
migration. The native copper is soluble in saline water such as occurs in 
the mine. 

The Vetas are now clearly exposed in many underground workings where 


1 Recent investigations in the Colorado Plateau area cloud the picture but certain difficulties 
are still present for a hydrothermal origin. See Everhart, D. L., Origin of uranium deposits, 
a progress report: Min. Eng., vol. 6, No. 9, pp. 904-907, 1954. 
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the ore occurrence can be studied in detail. The facts can be summarized 
as follows: 


1. The Vetas are younger than the Ramos. 

2. There is no alteration that can be ascribed to igneous activity. 

3. There is no localization of ore, or mineralization, along faults or fractures. 

4. The ore is found in depressions that appear to be related to sedimentation. 

5. The pitch of the ore body coincides with the direction of flow of water. 

6. Chalcocite is locally concentrated at the bottom of individual beds and 
becomes dispersed higher in the beds. 

. The chalcocite is the orthorhombic type. 

. Local features, such as channeling of beds and copper-soaked fragments of 
igneous rocks, suggest that the copper was localized at, or soon after, the 
time of sedimentation. 

9. Common gangue minerals, such as pyrite, etc., are lacking. 

10. Replacement of woody structures by chalcocite before collapse of the wood 

cells seems significant. 


on 


The sedimentary origin of copper sandstone deposits usually involves 
difficulties in the origin of the copper and difficulties in the method of deposi- 
tion and transformation into chalcocite. 

If the copper in the Ramos series represents an older period of mineraliza- 
tion, possibly related to igneeus activity, then the source of copper is on hand. 
It is interesting to note that the water courses and direction of flow of water 
in the mineralized parts of the Vetas point to the known ore bodies in the 
Ramos. The form of the ore bodies in the Vetas suggests that the copper was 
concentrated in basins and in stream beds (Figs. 6, 7). 

The collection of the copper in depressions and the concentration of the 
mineral at the base of the beds, especially where the ore bed overlies a mud- 
stone, could be accomplished by flooding, filtration, and concentration of the 
incoming copper-bearing solutions in the porous horizons. The concentration 
would be confined to areas where an impervious base was present. The lack 
of copper in many of the porous beds, with or without a mudstone bottom, 
suggests that the source of the water was changing, or a means of precipita- 
tion was lacking, and that during much of the time came from, or flowed 
over, areas that contained no copper. The concentration of copper-bearing 
solutions, therefore, appears to have been a mechanical process. 

The transformation of the copper, possibly carried in solution as a sulfate, 
to chalcocite likewise presents difficulties. Reduction by carbonaceous ma- 
terial and/or sulfate-reducing bacteria has been suggested for many of the 
copper sandstone deposits in the United States, but at Corocoro the amount 
of vegetable matter present seems to have been very small. 

The fact that the chalcocite is the orthorhombic type, the inversion point 
for which is 105° C, makes possible the same methods of precipitation as 
would be expected from such low temperature solutions of magmatic sources. 
The formation of chalcocite could also be the result of physical-chemical 
changes but no experimental evidence to substantiate this is known by the 
present writer. Experiments with copper-bearing solutions under high pres- 
sures and normal temperatures may solve the problem. 

The controls of the ore bodies may be dependent on processes of sedimenta- 
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tion and these processes may not have been effective controls if the source 
of the chalcocite were derived from magmatic emanations, however, a more 
complete study of the genesis of the ore deposits still is to be made. 
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ABSTRACT 
A recently discovered carbonatite of Jurassic (?) age, situated on the 
edge of a rift valley, is described. The carbonatite consists of two ele- 
ments, a central plug filling the neck of an extinct volcano, and an outer 
ring of carbonatite surrounding the plug. In places metasomatized Pre- 
cambrian gneisses lie between the central plug and the outer ring. The 


1 Published with the authorization by the Government of Tanganyika. 
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overlying volcanic pile has been almost completely removed by erosion. 
Numerous accessory minerals are present; the most important are 
pyrochlore (about 63 percent Cb:O;), magnetite, and apatite. 

Eleven million tons of ore containing about 0.3 percent Cb:O; have been 
indicated by a preliminary diamond-drilling and pitting program and this 
is probably only a small percentage of the total ore present. 


INTRODUCTION 


The Mbeya Carbonatite (originally called the “Panda Hill Pyrochlore 
Deposit’) is near the southwest border of Tanganyika at latitude 8° 59’ south, 
and longitude 33° 14’ east. It is 13 miles in a direct line west-south-west of 
the town of Mbeya. -The carbonatite was investigated because of its pyrochlore 
content, which appears to be of economic importance for the production of 
columbium and ferro-columbium. 

The carbonatite has an average elevation of almost 5,000 feet, so that al- 
though it is in the tropics the climate is temperate. The rainfall is about 
40 to 50 inches per year and generally falls during the period December to 
May. Rains are usually heavy, up to several inches in an hour, but of short 
duration. 

The history of discovery and development of the carbonatite is as follows: 

During field mapping for the Tanganyika Geological Survey near Panda 
Hill in 1950, A. M. M. Spurr observed crystalline limestone that he believed 
had been injected into the surrounding rocks. Later this limestone was 
shown to be a pyrochlore-bearing carbonatite by C. B. Bisset, Director, T. C. 
James, Geologist, H. Bassett, Chemist, all of the Tanganyika Geological 
Survey, and by T. Deans of the Colonial Geological Surveys. The carbonatite 
and surrounding rocks were mapped in detail by James during the period 
November, 1953, to March, 1954. Diamond-drilling was started in February, 
1954, under the supervision of A. P. Fawley, and a total of 4,630 feet of 
drilling was completed. A network of pits were sunk to a maximum depth of 
30 feet in the transported and residual soils, and several hundred pounds of 
pyrochlore crystals were obtained from a small quarry in residual soil by 
washing, screening, and hand-sorting, for metallurgical tests. 

During the later stages of the investigation the representatives of eight 
mining companies (mostly international companies who had previously 
shown an interest in Tanganyika) examined the carbonatite, and four of the 
companies then made offers for the mining rights. The offer submitted jointly 
by N. V. Billiton Maatschappij, Holland, and the Colonial Development Cor- 
poration, Great Britain, was accepted, and they have formed the Mbeya Ex- 
ploration Company Limited to develop and mine the deposit. 


GENERAL REMARKS ABOUT CARBONATITES 


“Carbonatites” are dominantly calcitic or dolomitic intrusive rocks and are 
associated with volcanism. They form the lower part of the necks of some 
volcanoes and also occur as cone-sheets, dikes, and in breccia zones. Sdvite, a 
type of carbonatite, is essentially calcium carbonate and has, in some cases 
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in the past, been mis-identified as metamorphosed sedimentary limestone. 
Associated with carbonatites are various types of under-saturated and soda- 
rich rocks, viz. alndite, nepheline-syenite, jacupirangite. 

The classic descriptions of carbonatites are: for Fen, Norway by Brogger 
(1); for Chilwa and various other occurrences in Nyasaland by Dixey, 
Campbell-Smith and Bisset (2) ; for Alnd, Sweden by Von Eckermann (4) ; 
and for Napak, Uganda by King (3). Carbonatites are not as rare as has 
generally been supposed; for example, seven have been found during the 
past three years in Tanganyika and it is highly probable that more will be 
discovered. 

Characteristics that are generally common to both the Tanganyikan car- 
bonatites and those that have been described in the literature are as follows: 

(1) The distinctive accessory mineral assemblage is magnetite, apatite 
and pyrochlore (or varieties of Columbium-bearing minerals) ; minerals such 
as fluorite, zircon, barite, and monazite are generally common constituents. 

(2) Carbonatites commonly show well-developed ring-structures owing 
to: (a) concentric zoning in the carbonatite plug; (b) to metamorphism of the 
surrounding rocks; and/or (c) because of the formation of ring-dikes around 
the volcanic neck. In some carbonatites, however, this ring-structure may 
not be developed at all. 

(3) In Africa, carbonatites generally occur in close proximity to rift 
valleys and are thought to be genetically linked with them. They tend to 
stand out as “foreign” hills due to the carbonatites and associated rocks 
weathering in a different manner than the granitoid gneisses in which they 
are generally set. 

(4) Carbonatite bodies vary in size. Most of them are roughly circular 
in outcrop and are 1 to 2 miles in diameter. Some large bodies may be as 
much as 4 and 5 miles across. 


ORIGIN 


As a result of a number of investigations, notably that of King (3) at 
Napak, it is evident that carbonatite is associated with some volcanoes of 
the explosive type. The carbonatite material is thought to originate deep 
in the earth’s crust and to work its way up the vent to a certain minimum 
depth beneath the overlying rocks. A carbonatite cannot exist in the molten 
state except at very high temperature and pressure, but King’s work indicates 
that at Napak the carbonatite probably rose to within 5,000 to 10,000 feet 
of the surface of the overlying volcanic pile. The explosive nature of this 
type of volcano is probably due to the carbonatite magma working its way 
past the critical depth and dissociating with the formation of a gas phase. 

The formation of ring-dikes at Alné, Sweden, is explained by Von Ecker- 
mann (4) as being caused by the formation of cone-fractures, the apices of 
which are centered at depth in the cooling carbonatite magma. An explosive 
punch below the cooled upper portions of the magma in the vent, causes the 
country-rock to fracture and the magma to work its way up in cone-sheets. 
The ring-structure of the Mbeya carbonatite is shown on Figures 1 and 2. 





574 A, P. FAWLEY AND T. C. JAMES 


GEOMORPHOLOGY OF THE MBEYA CARBONATITE 


The Mbeya carbonatite is situated on the side of a rift valley called the 
“Rukwa Trough.” The highest part, Panda Hill, rises approximately 1,000 
feet above the irregular floor of the valley (Fig. 1). Much of the carbonatite 
body resembles a dissected plateau with a general height of 600 to 700 feet 
above the rift valley floor. 

Panda Hill is a smooth grass-covered mound; the Plateau area is dissected 
by deep gullies. The sides of the valleys and hill-slopes may be as steep as 
30 degrees. 





Fic. 1. Panda Hill and the Mbeya carbonatite deposit in the background, the floor 
of the “Rukwa Trough” rift valley in the foreground. 


GEOLOGY OF THE MBEYA CARBONATITE 


The carbonatite body is composed principally of s6vite with lesser amounts 
of different types of carbonate-bearing rocks. At some places, such as the 
Museum Zone, wide areas of sOvite occur, but at others the rocks are ex- 
tremely heterogenous and change every few feet. The volcanic tuffs and 
Precambrian gneisses that enclose the carbonatite are metasomatized and in 
places brecciated by the volcanism. 

Tropical weathering produces silicified skins on some of the rocks and 
coarse hematite crystals form on the outcrops of magnetite lenses in the 
carbonatite. The carbonatite body is extremely porous and contains caves 
and fissures ; the latter occur to depths of several hundred feet. The residual 
soil from the weathering of the carbonatite contains more iron oxides than 
the carbonatite, about twice as much pyrochlore, but less apatite. 
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Pyrochlore is present in most of the carbonatite, and 5 to 10 foot lengths 
of drill-core generally assay from 0.1 to 0.6 percent Cb,O,;. The highest core 
assay obtained was 1.2 percent and although the entire core from all the 
holes was assayed, results showing less than 0.05 percent Cb,O,; were ex- 
tremely rare. 


Rock Types 


Precambrian Gneisses—The country rocks some distance from the car- 
bonatite are predominantly garnet gneisses ; at the contact with the carbonatite 
they are intensely fenitized * and their original character is almost unrecog- 
nizable. On fenitization generally they become desilicated and carbonatized, 
and in some places, feldspathized. Away from the carbonatite contact they 
are silicified in places; this silica has probably been dissolved and carried 
outwards from the gneisses bordering the carbonatite. A few hundred feet 



































TABLE I 
1 , 3 4 5 6 7 

Insoluble 8.9 4.7 10.8 44.2 1.2 5.2 63.2 
P20s 3.0 5.5 4.5 n.d. 1.0 3.4 6.0 
R20: 5.4 6.8 15.5 11.0* 2.8 9.5 8.3 
CaO 45.7 44.2 38.5 22.2 30.0 31.8 7.2 
MgO nil 23 | 0.2 0.1 18.8 11.5 0.2 
Nb:Os 0.2 0.3 0.3 0.1 0.1 0.4 0.9 
Loss on ignition 35.8 35.5 | 29.6 20.3 44.4 37.3 4.4 

| 99.0 99.3 | 98.5 | 97.5 98.3 98.7 90.2 








* Includes P2Os. 

(Analyses by the staff of the Tanganyika Geological Survey Laboratory.) 

1, Sovite; 2, Apatite sovite; 3, Calcareous dike; 4. Calcareous dike; 5, Dolomite; 6, Doloe 
mitic dike; 7, Ring-dike or metasomatized tuff ? 


from the carbonatite large porphyroblasts of sanidine have grown in the 
crushed and altered gneiss. Nearer the volcanic neck the altered gneiss is 
carbonatized, in parts to such an extent that while the form and color of the 
sanidine crystals is seen on the weathered surface of outcrops, closer examina- 
tion under the microscope shows them to be nearly completely replaced by 
carbonates. 

Analyses.—Table I gives analyses of the various rock types. 

Sdévite-—This is a type of carbonatite that is essentially calcium carbonate. 
It was originally defined by Broégger as a rock that contains 90 percent calcium 
carbonate. Due to the very variable nature of Sdvite it is more practical 
to use a lower limit of 50 percent calcium carbonate, and if more than 10 per- 
cent of an accessory mineral(s) is present, to use the name of the mineral(s) 
as a prefix to the sdvite, ic. magnetite sdvite or biotite-apatite sdvite. The 
most common accessory minerals are biotite, amphibole, apatite, magnetite 


2“Fenite” is the contact-altered country-rock around a carbonatite plug. The process of 
alteration is known as “‘fenitization.” 
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(with other iron minerals), dolomite, siderite and ankerite. At Mbeya, 
sOvite is fine to medium grained and is generally white, or light shades of 
yellowish brown. In general the sdvite is fairly uniform in pyrochlore 
content, and where drilled, assayed between 0.2 and 0.4 percent Cb,O,. 
Sévite containing more than 30 percent of magnetite or martite commonly 
assays 0.4 percent or more Cb,O,. 

The specific gravity of s6vite varies with the proportion of accessory min- 
erals but is generally about 2.75. A partial chemical analysis of a typical 
sOvite and of an apatite sdvite is given above in Table I. 

Dolomite-—Most of the dolomite in the Mbeya carbonatite is fine or 
medium grained and generally greyish in color. It weathers to a character- 
istic brown color, and in outcrop the surface is rough due to upstanding 
dolomite crystals. Only rarely can accessory minerals be observed in hand- 
specimens. 


A partial chemical analysis of a typical specimen is given in Table I. 
This specimen has a specific gravity of 2.88. 

Dolomite generally contains less than 0.2 percent Cb,O,, although where 
intimately mixed with sdvite or dikes, as is commonly the case, the mixture 
may assay more than 0.5 percent Cb,O,. 

Dike Rocks and Brown Carbonatite.—Included in the dolomite group on 
the map are various types of brown and yellow-brown carbonatites. Some 
of these are beforsite * dikes. Others are various types of carbonatized dikes, 
some of which may have been alndite.* 

At a number of points, mainly along the contact with the gneisses, the 
carbonatite is brecciated and intruded by a carbonate material that weathers 
to a fine-grained brown limonitic rock. This material is probably ankeritic. 

Two main types of dikes are distinguished in the drill-cores, calcareous 
dikes (Table I, analyses 3 and 4) and dolomitic dikes (Table I, analysis 5). 
The calcareous dikes, which fizz vigorously with hydrochloric acid, contain 
from 0.1 to 0.7 percent Cb,O,. Separate calcareous dikes, even though they 
look alike, may differ widely in their pyrochlore content. The dolomitic dikes 
generally contain less than 0.2 percent Cb,O,; exceptionally, some are rich 
and contain more than 0.5 percent. 

Tuff and Agglomerate——The tuffs in hand-specimen appear fine-grained 
and structureless. They range in color from yellow to various shades of 
brown. Tuff near carbonatite is hardly recognizable as such because of 
intense carbonatization and silicification. A few specimens have been found 
showing rhythmic grading from agglomerate to tuff. These rocks contain 
fragments of tuff, gneiss, and volcanic glass. The groundmass of the tuff 
is composed of ankerite or siderite. Fragments in the rock are generally 
completely replaced by limonite. 

The tuffs probably contain little or no pyrochlore, though some dikes and 
replacement zones within these rocks, such as Barabara and Mbale Zones, 
are very rich and assay about 1 percent Cb,O,. 


3 Beforsite—dolomite occurring as dikes. 


4 Alnéite—a dike rock composed of olivine, augite, hornblende, biotite and melilite. It is 
akin to lamprophyre. 
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Explosion-vent Breccia——A number of small dikes and subcircular vents 
are composed of “pebbles” and “boulders” of altered gneiss surrounded by 
ferruginous carbonatite. Such a vent forms the core of the circular feature 
of Mbale Zone. The rock of the central part of the vent has the appearance 
of a sedimentary conglomerate but is in fact a volcanic breccia. Well-rounded 
“boulders” of gneiss, from a few inches to one foot in diameter, are in contact 
with each other and are cemented together with a fine-grained ferruginous 
carbonate. The “boulders” have a reaction rim of carbonatized gneiss about 
a quarter of an inch thick. 

A number of small dike-like bodies, about 2 to 3 feet in width, occur at 
various places in the carbonatite. In these, the gneiss “pebbles” are under 
an inch in diameter and are completely carbonatized. The gneiss fragments, 
mostly crowded with sanidine porphyroblasts, can be seen on the weathered 
outcrops, but the interior of the rock is largely limonitic material with a few 
feldspar and quartz fragments. 

Travertine —Banded travertine fills the fissure of the large fault cutting 
across the center of the carbonatite. The banding in the travertine is vertical 
and at some points the body is a hundred feet wide. It was evidently de- 
posited after the close of the major volcanicity and is probably a hot spring 
deposit. Specimens tested contained no Cb,O;. Bedded travertine of identi- 
cal appearance is being deposited at the present day by hot springs about 10 
miles to the north in the valley of the Songwe River. 

Red Sandstones.—Red sandstones are not exposed but.were intersected 
in an inclined drill-hole on top of the hill above the carbonatite. They con- 
tain an average of 0.07 percent Cb,O, where cut by drilling. This could 
have been introduced by leaching. These rocks are similar in character to 
the Cretaceous sandstones that outcrop in the nearby valley of the Songwe 
River, and they are correlated with them. 

Residual Soil—Most of the top and upper slopes of the carbonatite are 
covered with residual soil and rubble. A high proportion of the top soil 
is minus 30 mesh but at a depth of about two feet rubble generally occurs; 
where there is little rubble there is generally also little pyrochlore. Channel 
samples assays ranged from 0.06 to 1.80 percent Cb,O,, and averaged about 
0.62 percent Cb,O,. 

Pyrochlore is apparently either leached from the fine soil or works its 
way downwards mechanically towards the base of the soil and rubble ; probably 
both processes operate. In general the residual soil and rubble averages only 
about twice as much Cb,O, as the underlying carbonatite, though there are 
some rich pockets of pyrochlore on the uneven surface of the carbonatite. 

Two samples of residual soil assayed ° as follows: 


(1) 40.8% Fe,O,; 1.3% P,O,; and 0.36% Cb,O,. 
(2) 44.2% Fe,O,; 1.7% P,O,; and 3.5% Cb,O,. 


Transported Soil——Transported pyrochlore-bearing soil lies at the foot 
of the scarp below the carbonatite. It is mostly fine-grained and about 80 


5 Analyses by T. D. Rees, Geochemist, Tanganyika Geological Survey. 
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percent of it is minus 30 mesh; its thickness increases rapidly away from the 
scarp. The pyrochlore content is generally low; the top 5 feet of the area 
pitted averaged only 0.22 percent Cb,O;. However, the grade may increase 
at greater depths. The assay values ° for the two deepest pits, both about 400 
feet from the base of the scarp, are as follows: 


Depth Pit Ql Pit N1 

O- 5 ft. 0.52% Cb20s 0.16% Cb2Os & 1.0% P20s 
5-10 ft. 0.26 Cbh20s 0.12 Cb2O5_ nid. 
10-15 ft. 0.18 Cb205 0.17 Cb205 1.3 P205 
15-20 ft. 0.18 Cbh20s 0.32 Cb20Os_ n.d. 
20-25 ft. 0.19 Cb20s5 0.30 Cb2Os5_ n.d. 
25-30 ft. n.d. 0.25 Cbh2Os_ n.d. 

Age 


The carbonatite is overlain by unmetamorphosed Cretaceous sediments. 
In the nearby Songwe River Valley, Karroo (Permo-Triassic) sediments are 
brecciated by minor explosion vents thought to be of the same age as the 
Panda Hill volcanicity. The indicated age is probably Jurassic or early 
Cretaceous. 


Structure 


In some areas exposures are poor but it is thought that the carbonatite 
body is composed of two elements, (1) an outer ring of sdvite, and (2) a 
central plug (Figs. 2, 3). The rocks surrounding the ring are altered and 
shattered gneisses. Tuffs and agglomerates, which may be only a thin 
veneer, lie on the north and south sides of the carbonatite. The central plug 
of carbonatite, thought to be occupied by Chuma and Kati Zones, has a roughly 
circular form and nearly vertical foliation or flow lines; this occupies the 
final vent of the voleano. The foliation or flow lines in the outer sévite ring 
are also very steep and appear to dip towards the central plug at 85 degrees. 
The outer ring is in contact with the north and east sides of the central 
plug but on the south and west sides gneiss is interposed between the plug 
and the ring. The flow lines in the outer ring have the form of overfolds 
about nearly vertical axes, and since the carbonatite magma must have risen 
almost vertically, this part of the structure is very difficult to explain, unless 
the ring was compressed during its formation. The flow lines in the car- 
bonatite suggest that the magma was plastic at least during the latter stage of 
emplacement. 

Much of the structure has been complicated by metasomatic and tectonic 
activity. At a late stage the carbonatite and surrounding rocks were frac- 
tured, or re-fractured, and intruded by dikes or veins that generally have 
irregular boundaries and, in places, appear to replace the primary carbonatite. 
The Mbale pyrochlore zone is in the form of a ring-dike and is centered on an 
explosion vent; a section of another possible ring-dike, related to the main 


6 Analyses by T. D. Rees, Geochemist, Tanganyika Geological Survey. 
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Fic. 3. Cross-section of the Mbeya carbonatite with hypothetical overlying 
volcanic pile. 


vent, may be represented along the north face of Panda’ Hill by a line of 
breccia outcrops with a high proportion of carbonate cement. 

The three larger explosion vents are situated along a remarkably straight 
line trending north-north-westerly from Mbale Zone to the Songwe River. 
This is the general direction of the rift-valley faulting and the vents may be 
situated along one of these fractures. 

The faults shown on Figure 2 are probably of different ages. 
across the center of the carbonatite is filled with travertine, possibly a hot 
spring deposit, and is probably later than most of the volcanism. One cutting 
across the southeast part of the carbonatite has pyrochlore in the fault breccia 
and probably occurred soon after the emplacement of the carbonatite. 


One cutting 


MINERALOGY 


The mineralogy of the Mbeya carbonatite suite of rocks is imperfectly 
known. Most of the carbonatite is composed of calcite or dolomite, some is 
siderite and ankerite. Occurrences of barite are known and in places it 
may also be a common rock-forming mineral. Minor quantities of rhodochro- 
site have been observed and strontianite and witherite.may be present, as 
analyses of the carbonatite contain barium and strontium. Fluorite is com- 
mon in places. 

Possibly derived from the Precambrian gneisses are quartz and feldspar, 
which are present in small quantities in most the carbonatite. 

The known accessory minerals are listed below: 
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Pyrochlore Magnetite (Martite) Olivine 

Columbite Hematite Amphibole 

Apatite Pyrite Chlorite 

Sphene Pyrrhotite Vermiculite 

Cassiterite Ilmenite Phlogopite 

Zircon Galena Limonite (secondary ?) 
Fluorite Barite 


COMPOSITION AND CHARACTER OF MBEYA PYROCHLORE 


Pyrochlore crystals from the Mbeya carbonatite occur as octahedra, almost 
invariably with each of the six corners truncated (cubo-octahedra). Some 
pyrochlore crystals are more than 5 mm in diameter, but generally they are 
about 1 mm or less. In color they range from pale yellow or olive to black. 
The core of some crystals is blood red. The larger crystals are generally 
embayed and contain inclusions of minerals such as apatite, calcite, iron 
oxides and fluorite. Some crystals have been altered by weathering and 
some have probably been altered by hydrothermal action. The specific 
gravity of individual crystals obtained from solid carbonatite by dissolving 
the carbonatite in acid was 3.94 to 4.43 ; the specific gravity of crystals obtained 
from residual soils ranged from 2.56 to 4.21. Some pyrochlore crystals are 
coated with columbite; and either a columbite coating or inclusions of mag- 
netite could account for the high specific gravity of some crystals. 

Pyrochlore varies greatly in composition, for example seven analyses‘ of 
pyrochlore crystals from Mbeya for equivalent thoria gave the following re- 
sults : 0.08 ; 0.17 ; 0.57; 1.48; 2.04; 2.06; and 2.45 eq. ThO,. Single pyrochlore 
crystals and also groups of crystals have been examined by various analysts 
and the minimum and maximum limits that they have obtained are given 
below. 

A spectrographic analysis of a single crystal showed 5 percent of both 
BaO and SrO to be present, but these oxides may have been present as in- 
clusions. The loss on ignition at 800° C may be as much as 4 percent or 
more; this is at least partly due to hydration on weathering. 


2" eee ry sc a eee eee 55 66 percent 
IR. 6.0 0s 00 006s ee eure ween ees enieGwae veh oclckew ebies 0.5 2.2 percent 
ee oe oo ee ee f 13.6* percent 
Pe Oe TINGED . vcs con cy nonin eteeens + ossen wesiee or 2 - 3.4 percent 
PE AKEND. 0.0.0 sas t cua Get eve ahaa ss oh ows kawales 6.9* percent (including thoria) 
SE MEEPD + 0.0 6 0-4.5. 6: 5RS RUNES Piers Gave Oh Corel wikis ote 0.05— 2.45 percent 
: Sa + & via. @ Sb DARI Wie bic 0.616 0.0 sie Siva due 1 4.1 percent 
| ae veh ewcls Cbd SAMOS ewe he Bp eer eae s Teeen 0.3 2.3 percent 
SEEPS PE eee es TREO PL ee 0.1% 0.3» percent 
eer ee < Se pate hint 0.1 percent 
SR A sr as oe ee cae 1.7 2 percent 
APR oi a a ee oe 0.1 2.6 percent 
6°. Se fee Pe ee ee eee 0.025* percent 
PEGs: iy0 0.8.0.0: 90:0 e569 ke tee eine OS 6 >: 580-4 oie een 0.5* percent 
eee seebes Tree a te Le SEC ee 1.8* percent 
Sree et BS Se eee ere Py ce 0.01* percent 


* Only one analysis made. 


7 Analyst: T. Deans, Colonial Geological Survey. 
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VALUE OF PYROCHLORE 


Until very recently there has been no economic production of pyrochlore 
and methods of producing columbium and ferro-columbium from pyrochlore 
are still in the experimental stages. 

For the present, the price of “columbium concentrates” has been stabilized 
by the United States Government at “$1.40 per pound of combined pentoxide, 
plus 2 cents per pound for each additional full percent of combined contained 
pentoxide above 35 percent,” also the United States Government pays “an 
incentive bonus amounting to 100 percent” of the above price. Hence under 
the above regulation, the value of pyrochlore containing 60 percent Cb,O, 
plus Ta,O, is $2.28 per pound. 


ORE RESERVES AT THE MBEYA CARBONATITE DEPOSIT 


Rock containing 0.3 percent or more Cb,O, is assumed to be “ore.” The 
average grades calculated are derived entirely from assays of diamond-drill 
core received from 4,630 feet of diamond-drilling. Assays of surface rocks 
appear to give erroneously high results. 

For field purposes pyrochlore zones are defined as areas where pyrochlore 
can be seen with the naked eye. Subsequently assays have shown that car- 
bonatite containing no visible pyrochlore may constitute ore and that some 
Cb,O, is present throughout the carbonatite. 

An estimate of the indicated ore reserves is as follows: 

Museum Zone.—About 2} million tons of ore averaging 0.32 percent Cb,O, 
have been indicated by diamond-drilling in the Museum Zone to a depth of 
200 feet. The ore body has not been delimited at either end or in depth. 

Kati-Chuma Zone.—About 7 million tons of ore averaging 0.31 percent 
Cb,O, have been indicated by diamond-drilling in the Kati-Chuma Zone; the 
drilling showed that the zones are contiguous. The deepest hole drilled 
penetrated to a depth of 831 feet and averaged 0.35 percent Cb,O, throughout 
its entire length. This ore body has not been delimited in any horizontal 
direction or in depth. 

Barabara and Mbale Zones.—No ore reserve is calculated for either of 
these zones, but surface sampling at the Mbale Zone and limited diamond- 
drilling at the Barabara Zone indicates that they may contain a large tonnage 
of rich ore averaging almost 1 percent Cb,O,. 

Other Zones and the Remainder of the Carbonatite—The other zones 
shown on Figure 4 will, from visual evidence, probably average about the 
same grade as the Museum and Kati-Chuma Zones. Some of the zones 
are in poorly exposed ground and may be considerably larger than shown. 
The letter “P” on the map refers to areas containing small outcrops with 
visible pyrochlore, but which are not large enough to be differentiated as 
zones. In most sdvite, and in some dolomite, visible pyrochlore can be 
found. 

Residual Soil and Rubble.—There is about 14 million tons of residual soil 
and rubble on the top and steeper slopes of the deposit that averages 0.62 
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percent Cb,O,. (The transported soil below the scarp is not classed as ore 
owing to its low grade.) 

Conclusions about the Ore Reserves——When assessing ore possibilities it 
has become general practice to list as “ore reserves” only ore that has been 
indicated or proved by diamond-drilling, trenching, or underground-develop- 
ment. Following that practice, only about 11 million tons can be classed as 
ore reserves. However, only a small percentage of the favorable areas have 
yet been tested. An estimate based on: (a) the widespread occurrence of 
visible pyrochlore; (b) the results so far obtained from diamond-drilling ; 
and (c) geological inferences, is that an exceptionally large tonnage of ore 
(averaging about 0.3 percent Cb,O,) exists at the Mbeya carbonatite deposit. 


SUMMARY AND CONCLUSIONS 


1. Carbonatites are more common than has been hitherto supposed. They 
are a potential source of pyrochlore, columbite, iron, phosphates, fluorite, rare 
earths, zircon and radio-active minerals. 

2. The Mbeya carbonatite consists of two elements, a central carbonatite 
plug filling the neck of an extinct volcano, and an outer ring of carbonatite 
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surrounding the plug. In places, Precambrian gneisses lie between the 
central plug and the outer ring. The carbonatite, of Jurassic (?) age, was 
injected both as a plug and as dikes or veins into Precambrian gneisses and 
earlier pyroclastics from the same volcano. The carbonatite metasomatized 
the enclosing gneisses and considerably altered the pyroclastics. The car- 
bonatite may have been either fluid or plastic on injection. Some movement, 
shown by flow lines, must have taken place when it was plastic. Intrusion of 
dikes or veins into the primary carbonatite and, in places, brecciation show 
movement also took place after the carbonatite had solidified. The overlying 
volcanic pile has been almost completely removed by erosion. 

3. The carbonatite is on the edge of the “Rukwa Trough,” a rift valley, 
and rises almost a thousand feet above the valley floor. Considering the 
common association of carbonatites and rift faulting in Africa, there sopra 
to be a genetic connection. 

4. About twenty known accessory minerals occur in the Mbeya car- 
bonatite ; the most abundant are magnetite (and other iron oxides), apatite, 
amphibole, mica, pyrochlore, fluorite, zircon, pyrite and pyrrhotite. The 
pyrochlore is remarkably variable in its composition, color and specific 
gravity, and in some parts of the carbonatite is very coarse grained. 

Although only a small part of the carbonatite has been tested, diamond- 
drilling indicates ore reserves of 9} million tons averaging 0.3 percent Cb,O,. 
An estimate based on (a) the widespread occurrence of visible pyrochlore, 
(b) the results obtained from diamond-drilling, and (c) geological inferences, 
is that the amount of ore found so far is only a small percentage of the total 
ore present. 

About 14 million tons of residual soil and rubble, on the top and steeper 
slopes of the carbonatite deposit, average 0.6 percent Cb,O,. 


DopomaA, TANGANYIKA, 
March 18, 1955 
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PETROGRAPHY OF BAUXITE SURROUNDING A CORE OF 
KAOLINIZED NEPHELINE SYENITE IN ARKANSAS? 
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ABSTRACT 


The paper is based on the study of a series of specimens extending from 
the core of a residual kaolinized boulder-like body of nepheline syenite into 


1 Publication authorized by the Director, U. S. Geological Survey. 
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the surrounding concretionary (so-called pisolitic and oolitic) bauxite. 
Alteration of feldspars to finely crystalline gibbsite, of this gibbsite to more 
amorphous-looking concretionary bauxite (cliachite), and subsequent kao- 
linization of these alteration products by silica from the unbauxitized inner 
part, is described and illustrated. Iron liberated during kaolinization 
forms an envelope of limonite in the outer part of the kaolinized bauxite. 
The probable beginnings of kaolinization are seen in a specimen from the 
core of the pseudo-boulder of syenite in which there are remnants of 
feldspars. In the more kaolinitic inner gibbsitic parts of the bauxite en- 
velope there is evidence of flowage, here attributed to expansion resulting 
from kaolinization of the gibbsite. Carbonates, mainly dark brown and 
ferruginous and including ankerite, are present in all bauxite-free kaolin 
specimens even in kaolin believed to be derived from silication of bauxite, 
but they are absent in kaolin associated with bauxite. Sphene altered to 
leucoxene is present throughout, but tends to be corroded and to disappear 
in the more external, more mature bauxite. Sulfides were found only in 
the kaolinized core. 

It is suggested that the anomalous process of the reduction of crystal- 
line gibbsite to unresolvable or amorphous cliachite may be due to de- 
hydration of part of the gibbsite to one of the monohydrates, diaspore or 
boehmite. 

An envelope of bauxite could not form around a weathering core if 
silica escaping from the core recombined with the bauxite to form kaolin. 
It seems probable, therefore, that when bauxitization was the prevailing 
weathering process, kaolin was not an intermediate product. The silica es- 
caping during bauxitization may have been in a form in which it could not 
react with the bauxite, perhaps in an organic compound. This may have 
been due to the action of microorganisms as suggested by Holland (3). 


INTRODUCTION 


IN an earlier paper Goldman and Tracey (2) presented evidence in support 
of the conclusion that kaolinization was not an intermediate process in the 
formation of residual bauxite from the Arkansas nepheline syenite. In No- 
vember 1947, Tracey and I, under the auspices of the U. S. Geological Survey, 
revisited the Arkansas bauxite fields in part with the object of obtaining 
further evidence on the problem. In an open cut in the Section 26 mine 
(SWINW3 sec. 26, T. 2 S., R. 14 W., Saline County, Ark.) we came across 
several large spheroidal masses (‘‘boulders”) in the midst of yellowish to 
reddish-brown vesicular bauxite. 
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Fic. 1. Diagram showing spacing of specimens discussed in this report. The 
numbers at vertical lines are specimen numbers; those below are the distances be- 
tween collecting points. 


The boulder-like core of the spheroidal masses was partly kaolinized 
nephelene syenite. In an envelope about 4 feet wide between the core of the 
spheroidal mass of Figure 2 and the vesicular bauxite we found a band of 
finely concretionary (“oolitic”) grayish bauxite (specimens 8, 9). We con- 
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Fic. 2. Kaolinized core (pseudo-boulder) of nepheline syenite in bauxite 
at Section 26 mine of the Republic Mining and Manufacturing Co., Saline County, 
Ark. Numbers 4-10 represent positions from which specimens were taken ; a marks 
the hard limonitic envelope included in specimen 10. 

Fic. 3. Another pseudo-boulder near that of Fig. 2, but better defined. 
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cluded, therefore, that here was an opportunity to study the steps in the for- 
mation of bauxite. 

In Figure 2, the approximate position of specimens from the more sharply 
defined lithologic types is shown. The approximate spacing of the specimens 
is shown to scale in Figure 1. 

Specimen 10 is taken from an envelope of vertically banded hard, brown 
limonitic rock that surrounds the kaolinitic-bauxitic boulder and separates it 
from the vesicular bauxite. At other points around the boulder it is marked 
by the letter a (Fig. 2). 

On account of poor light the photograph for Figure 2 does not bring out 
adequately the conspicuous differentiation of the light-colored kaolinitic core 
from the surrounding bauxite rock. This is brought out better in Figure 3, 
which illustrates an adjacent residual body of the same kind. 


PETROGRAPHY 


Two processes, bauxitization and kaolinization, are illustrated in the 
specimens on which this report is based. Both processes grade outward 
from the core but essentially in opposite directions. Bauxitization increases 
outward, kaolinization decreases. 

It is the thesis of this paper that the kaolin is the product of a later period 
and of conditions very different from those that produced the bauxite, and 
that it replaced the bauxite. The replacement may have been partly by 
kaolin carried in solution but most of it was probably the result of silication 
of the bauxite by silica freed by kaolinization of the nepheline syenite core. 

On account of the antagonistic relations of the two processes it will be 
less confusing to follow each separately. 





Fic. 4A, B. Thin section of spec. 4, taken from core of pseudo-boulder in Fig. 
It was hard and gritty, friable with difficulty, pale brown with white spots, and 
full of short veinlets up to 1 mm. wide, and of irregular small patches of a dark- 
brown mineral. 

Fic. 4B shows orthoclase crystals of high birefringence pitted and veined by 
kaolin (Fig. 6) and lying in a kaolinitic matrix, much of it with fine-grained to 
vermicular structure. The feldspar crystals can be vaguely distinguished in Fig. 
4A by their darker gray color and lathe shape. The black areas are mostly brown 
carbonates, some in veins with transverse structure; v-v and v’-v’ in part consist 
of coarse grains with rhombic cleavage, in part have a fibrous transverse structure 
unaccompanied by parallel extinction. The faint line through v’-v’ is not a line of 
junction of fibers; in places its crosses the rhombic cleavage; it apparently repre- 
sents a cleavage or twinning plane of feldspar replaced by the carbonate. The 
complex crystal structure of the carbonate may be due to movement along this 
plane. The finer-grained disseminated carbonate in a rusty stain is ankerite; other 
carbonates may be calcite or other carbonate low in iron. Some dark areas are 
opaque minerals, mostly black, in small grains that look fragmented and corroded. 
Roughly parallel veins of kaolin (kv) in lower part of Fig. 4B have the platy 
structure of the kaolinite transverse to the vein, and a median isotropic zone. Note 
spheroidal areas s defined by carbonates. 
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The following table presents the essential facts about the petrography. 


TABLE 1 


SUMMARY PETROGRAPHIC CHARACTERIZATION OF THE SPECIMENS DISCUSSED IN THIS REPORT 














Spec. 



























































No Position and field characters | Illustrations Petrography 

4 Central part of kaolinized core Fig. 2 Partly kaolinized feldspars in kaolin with 

of nepheline syenite | Fig. 4 brown carbonates. Scattered sulfide grains. 
| Fig. 6 
catia Fig. 7 

5 a eo 
Soft outer edge of kaolinized | Fig. 5 Groundmass of nearly isotropic kaolin with 
core small bodies of coarse kaolinite, full of dis- 

seminated fine-grained brown carbonate and 
| other bodies. 

6 Very narrow zone of tougher | Fig. 10 Gibbsitized, partly deformed, partly kao- 
soft syenite between syenite | Fig. 8 linized feldspars in nearly amorphous kaolin 
core and bauxite envelope, ad- | Fig. 9 matrix with clusters of coarse kaolinite. No 
jacent to spec. 5 carbonates. 

Tana ae PRE Oe HiT: nae : 

7 Brown-flecked bauxitized sye- | Figs. 13, 14) Gibbsitized feldspars partly altered to clia- 
enite one inch from ‘‘oolitic’’ | Fig. 9a | chite, with areas of kaolin between. 
zone Fig. 11 

— . . . | | ~ . . . . . 

8 Light gray 24-inch zone of dis- | Concretionary bauxite in a kaolin matrix. 
seminated bauxite ‘‘oolites”’ | 

9 Nine-inch zone of dark-gray Fig. 16 Cliachite concretions, many with nuclei of 
“oolitic’” bauxite in contact | Fig. 12 gibbsitized feldspars. ‘A film of crystalline 
with the limonitic envelope | Fig. 17 gibbsite permeates the mass enveloping con- 
that separates it from the en- | cretions, especially the smaller ones. Kao- 
closing vesicular brown bauxite | lin in veins and interstitial. 

Terminology 


Kaolin.—In the following descriptions the name “kaolin” is applied to any 
mineral believed to be of the kaolin group, that is, essentially, kaolinite or 
halloysite. Parts that have a distinctly crystalline, platy, “accordion” or ver- 
micular structure are regarded as kaolinite. Those with weaker birefringence 
and no readily recognizable crystalline structure are called merely kaolin. 
As the name halloysite is now applied to a mineral of distinct habit and crys- 
tal form as differentiated under the electron microscope, and as the recogni- 
tion of crystalline structure in the more amorphous areas depends in part on 
the amount of magnification and the intensity of illumination, designation of 
part of the material in these thin sections as halloysite would not be justified. 

Bauxite-—Bauxite may contain several aluminum oxides—gibbsite (or 
hydrargillite), boehmite, diaspore, and the more or less amorphous-looking, 
generally brownish material, that constitutes most of the so-called pisolitic 
rock. For this amorphous material the name cliachite will be used. 

Leucoxene.—The common name for the amorphous-looking yellow-brown 
alteration product of titaniferous minerals is leucoxene. The name “xanthi- 
tane” has been suggested by Bramlette (1, p. 17) to designate what was called 
a hydrous titanium oxide, found in the Arkansas bauxite. But as the latest 
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edition of that part of Dana’s System of Mineralogy (6, p. 587), which deals 
with these minerals, describes xanthitane as a soft, yellow, friable, earthy al- 
teration product after sphene, consisting of anatase ; and leucoxene as a yellow- 
ish to brown alteration product of various titanium minerals that consist 
mostly of rutile, less commonly of anatase or sphene (6, p. 560), the name 
“leucoxene”’ will be used in this paper to designate all such alteration products. 

Bauxite Concretions—Whatever the proper definition of pisolite may be, 
the use of the word to describe the spheroidal structures in bauxite is un- 
satisfactory because the coarser bodies to which this name is applied are 
generally associated with much smaller spheroidal bodies of the oolite type. 
There may be in a given body of bauxite all gradations in size from oolites 
a millimeter or less in diameter to pisolites 8 to 10 inches or more in maxi- 
mum diameter (Figs. 15, 16). As generally recognized, and as brought out 
in the following discussion, these spheroidal bodies are concretionary in origin. 


They will, therefore, be called concretions in the following text, regardless of 
size. 


Illustrations 


In the plates of this report, two photomicrographs bearing the same num- 
ber, one lettered A, the other B, represent the same area of a thin section in 
plane polarized light, and between crossed nicols, respectively. 


Bauxitization 


The earliest stage in bauxitization seen in these specimens is illustrated in 
specimens 6 and 7 (Figs. 10-14), which show feldspars altered to fine-grained 
gibbsite. Specimen 7, however, gives a very illuminating picture of the 
entire process of bauxitization. The specimen consists dominantly of feld- 
spars altered to gibbsite without destruction of their original relations in the 
fabric of the rock, and with preservation of distinct traces of their cleavages. 
In specimen 6, cleavages and outlines are scarcer and deformed, and the gibb- 
site pseudomorphs are intimately penetrated and involved by kaolin. Speci- 
men 7 also shows early stages in the alteration of the gibbsite to cliachite and 
in the formation of concretionary structures in the bauxite. 

The formation of concretions seems to occur mainly in cliachite, but ap- 
parently it can also begin in gibbsite (Fig. 11) though perhaps only in associ- 
ation with the formation of cliachite. 

Much of the alteration of gibbsite to cliachite in this specimen is closely 
related to what were the longitudinal cleavages of the gibbsitized feldspars. 

Concretions and evidences of the concretionary process dominate in the 
next specimen (spec. 8, Fig. 15), which lay 2 feet farther from the central 
core. Some concretions consist entirely of cliachite, but concretions having 
more or less rounded envelopes of cliachite around nuclei of gibbsitized feld- 
spars partially altered internally to cliachite are much more common. There 
are many, more angular gibbsite bodies, but between crossed nicols most of 
them show at least a partial thin rim of cliachite indicating the beginning of 
concretionary growth. 
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Fic. 5A, B. Thin section of spec. 5. Groundmass is nearly isotropic kaolinitic 
material full of disseminated fine-grained yellow-brown carbonate. Bright areas in 
Fig. 5B consist of coarse kaolinite with platy, in part vermicular structure. In 
larger areas such as (D) the kaolinite is interlaminated with “dirty” material (cf. 
Fig. 7) which between crossed nicols shows bright yellow-brown translucence that 
comes and goes with the birefringence of the kaolinite. It may be ocherous mate- 
rial or leucoxene. 

The opaque grains (7), rhomboid or skeletal, are dull pale brown or lavender 
by reflected light and are taken to be sphene altered to leucoxene or coated with it. 
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The bauxite fragments and concretions are scattered through a matrix of 
fine-grained nearly amorphous kaolin. 

At the outer edge of the “boulder’s” envelope (spec. 9), in direct contact 
with the limonitic envelope, the concretionary process is complete. There 
are still many gibbsite bodies, but all of them are enveloped in cliachite. 
Cliachite, with interspersed areas of kaolin, appears to form a matrix. But 
most of this matrix itself consists of minute concretions, so that it is doubtful 
whether any matrix of cliachite that is not part of a concretion may be said 
to exist. 

Near a vein of kaolin the concretionary cliachite is permeated by a film 
of gibbsite that rims and defines the cliachite concretions, even the very small 
ones. Farther from the kaolin vein the gibbsite becomes scarcer. Gibbsite 





The opaque grains B and B’, black by reflected light, are probably iron oxides, 
perhaps titaniferous. B’ is partly intergrown with sphene-like material. The 
spheroidal bodies S and 5S’, in part surrounded by carbonate, consist of coarse 
kaolinite. There is an appearance of flowage throughout the thin section, more 
conspicuously around these spheroidal bodies. F marks the center of brownish ma- 
terial with vague geometric boundaries and an internal parallel radiating lineation 
suggesting traces of a cluster of feldspar crystals. 

Fic. 6A, B. Detail of feldspar crystals in the thin section of specimen 4 in the 
area outlined in Fig. 4A to show decomposition along cleavages and in irregular 
spots. The dark spots in A represent carbonate crystals that are dark brown and 
translucent. Most of these also appear dark between crossed nicols (Fig. B), but 
comparison of A and B reveals many irregular isotropic areas in B that represent a 
carieous sort of decomposition of the feldspar to kaolin. Some of the kaolinitic 
material along cleavages has low birefringence, which can be recognized clearly 
along the cleavage a-a and less clearly along many cleavages parallel to a-a. 

Fic. 7A, B. Detail of the small body at a, in the upper right quarter of Fig. 4A, 
apparently bent lenticular plates of enclosing feldspar interlaminated with “dirty” 
granular or fibrous mineral, pale gray to pale brownish white by reflected light, 
seemingly of high-yellow birefringence. The close relation of the latter mineral 
to the brown carbonate in contact with it on the right suggests an iron mineral, 
but it may be leucoxene. The lenticular shape of the interlaminated plates is prob- 
ably due to penetration of the brownish mineral along cleavages of the enclosing 
feldspar and perhaps partial replacement of the feldspar. At high magnification 
the birefringence of the lenticular plates appears slightly higher than that of the 
enclosing feldspar. 

Fic. 8A, B. Detail of spheroidal grain of coarse kaolin that just projects into 
Fig. 10 at b. Note surrounding concentric banding. The kaolinite crystals of upper 
right side are elongated parallel to each other to conform to the outline of the body. 
Halation in B effaces most of the differentiation of the kaolinite crystals, recog- 
nizable under the microscope. Opaque material inside the spheroidal body is gray 
to partly pale brownish by reflected light, and in part interlaminated with the 
kaolinite as with the feldspar in Fig. 7. The bright area a-a, Fig. B, contains 
coarser gibbsite than the rest of the thin section. 

The opaque body ? in A is mainly a leucoxene pseudomorph of sphene but con- 
tains a small amount of a black opaque material. ¢ is another leucoxene pseudo- 
morph of sphene. 

Fic. 9. Detail of Fig. 10 at a, between crossed nicols, to show permeation of 
gibbsite pseudomorphs of feldspar by kaolin and deformation of the pseudomorphs. 

Fic. 9A. Cluster of somewhat skeletal leucoxene pseudomorphs of sphene from 
spec. 7 (cf. Fig. 13). The grain at o and minute grains at o’ are black by reflected 
light, whereas the others are brown. 
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Fic. 10A, B (Spec. 6). Thin section of spec. 6. Gibbsite pseudomorphs of 
feldspars penetrated and partly replaced by kaolinitic material. In plane polarized 
light (Fig. A) the gibbsitized feldspars appear pale grayish white with little dif- 
ference of coloring; the blackish appearance of much of the area is misleading and 
tends to conceal somewhat the outlines of feldspar crystals and the traces of longi- 
tudinal cleavages of the gibbsite pseudomorphs emphasized by films of kaolin. Be- 
tween crossed nicols (Fig. B), the gibbsite grains lack the brilliance that they 
have in direct observation, and the feldspathic structure does not come out as 
clearly as in direct observation; it is also considerably veiled by apparent distortion 
of the entire mass. The light-gray area on left and bottom of A is essentially all 
kaolinitic. Other constituents are bodies of coarse kaolinite crystals lying in the 
midst of the gibbsitized feldspars. Many are “dirty” as in Fig. 5. 

Flow lines in parts of the specimen, bending of the traces of longitudinal cleav- 
ages in some of the gibbsitized feldspars (Fig. 9), and apparent fracturing and 
dissemination of the opaque minerals indicate some deformation presumably after 
gibbsitization. However, one can recognize traces of rectilinear boundaries on 
some sides of some of the areas of coarse kaolinite and all are roughly equant. 
Most of the brightest areas in Fig. 10B, such as those in the pale-gray kaolinitic 
area at the bottom and left, are clusters of coarse randomly oriented kaolinite crys- 
tals not gibbsite. Some long, narrow, vermicular kaolinite crystals roughly parallel 
the gibbsitized feldspars. 

By reflected light most of the opaque grains have the same colors as in Fig. 5; 
few show even an approach to the rhombic form of sphene. Instead, those in lower 
left corner and left side of Fig. 10A have a fragmented and flowed appearance. 
Under direct observation the latter character is widespread and more pronounced 
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also forms a film at the contact of the bauxite with the patches of kaolin 
scattered through it. 


Kaolinization 


The relatively hard, brittle nucleus of the “boulder” with abundant rem- 
nants of feldspars is extensively altered to kaolin but contains no bauxite 
(spec. 4, Fig. 4). It is here regarded as a spheroidal body of nephelene 
syenite that survived bauxitization. 

It is the thesis of this paper that kaolinization proceeded outward from 
the core into the surrounding bauxite. 

But kaolinization does not decrease outward from the core as regularly 
as bauxitization increases in that direction. The irregularity in kaolinization 
is here attributed to differences in the susceptibility of different forms of 
bauxite to kaolinization. The development of kaolinization is therefore best 
presented as part of a discussion of the paragenetic relations of bauxite and 
kaolin and in the discussion of the illustrations. 


Accessory Minerals 


Limonite.—An envelope of hard, dense limonitic rock, about 1 inch thick, 
separates the kaolinized bauxite from the unkaolinized, vesicular bauxite in 
which it lies. It is specimen 10 of the series of specimens and is marked by 
the letter a at other points around the “boulder” (Fig. 2). 

A limonitic envelope analogous to that of specimen 10 was noted around 
the residual body illustrated and described in Figure 7 of the paper by Gold- 
man and Tracey (2, p. 574). In that figure it appears as a distinct dark 
border around the right hand “boulder,” less distinctly around the other two. 
There, however, the ocherous material was soft and clayey. The difference 
is perhaps related to the fact that here the bauxite outside the limonitic en- 
velope is hard, very porous, and essentially free from kaolin, whereas that 
studied by Goldman and Tracey was relatively massive and compact, and 
partly kaolinized. I believe these envelopes are formed by the oxidation of 


than can be seen in Fig. 10A. It thus serves to bring out and emphasize the extent 
of distortion and flowage in the specimen. 

Many of the bodies of coarse kaolinite on bottom and left side have a more or 
less spheroidal form and traces of concentric banding around the periphery, and 
the gibbsite around them is in part coarser and less kaolinized. Fig. 8 is a detail 
of one of these. 

No carbonates aré present but a ferroginous stain that may be due to solution 
and oxidation of preexisting carbonates. 

Fic. 11A, B. Detail of Fig. 14, spec. 7, at g. Vaguely spheroidal bodies of 
crystalline gibbsite illustrating an early stage formation of concretions in bauxite. 
The spheroidal bodies appear to be defined by the formation, around them, of clia- 
chite in various stages of development. The grains of gibbsite appear diffused in 
B due to halation. 

Fic. 12A, B. Detail of Fig. 16, spec. 9, at o along the large kaolin vein. Two 
areas, apparently within a single concretion; the one, k, occupied by coarse kaolinite, 
the other, g, by coarse gibbsite. Above k there is a void due to grinding. The 
kaolinite is rimmed by coarse gibbsite. 
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Fic. 13A, B (spec. 7). Thin section of spec. 7. Undeformed gibbsite-cliachite 
pseudomorphs of feldspars with areas of kaolin between. The thin section reveals 
clearly the original fabric of nepheline syenite, and the intimate replacement of 
gibbsite by cliachite. Larger areas dominantly of cliachite (dark in A and domi- 
nantly black but with disseminated bright grains in B) are conspicuous. Small 
areas of cliachite replacing gibbsite pseudomorphs by feldspar, mainly along former 
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iron, derived from the kaolinitic weathering of the unbauxitized cores when 
the iron reaches the more porous surrounding bauxite. The envelopes seem 
to form near the limit of kaolinization but, in the occurrence illustrated in 
the paper by Goldman and Tracey (2), inside that limit. 

Sphene and Leucoxene.—No unaltered sphene was recognized in either 
kaolin or bauxite, but leucoxene pseudomorphs of sphene were found in both 
types of rock. 

Sulfides.—There were sulfide grains in specimen 4, but none were noted 
in any of the other specimens. 


Other Opaque Grains—Among these black grains predominate. Some 
are red and of colors intermediate between that and the colors of the leucoxene. 


feldspar cleavages, may be seen at the bottom, and in upper left of the figure. 
Between crossed nicols the interspersed cliachite, which appears dominantly iso- 
tropic, is largely obscured, by halation from the highly birefringent gibbsite. The 
relations are shown more in detail in Fig. 14. The areas in which cliachite is more 
developed show the beginning of concretionary structure. 

The light-gray areas between the gibbsite pseudomorphs of feldspar are kaolin. 
At higher magnification, between crossed nicols, they reveal a finely granular 
structure. Grains showing the transverse platy structure of kaolinite are scarce. 
There is no intimate penetration of gibbsite by kaolin as in spec. 6, and patches of 
kaolin inside feldspar crystals, like those around m and in other parts of that same 
crystal, occupy relatively small areas. There are films of cliachite at the edges of 
many of the larger kaolin patches. 

Note in Fig. 13B the white border of gibbsite crystals around the edge of the 
kaolin patch in lower right-hand corner. 

The opaque minerals include black grains and abundant leucoxene pseudomorphs 
of sphene. The latter preserve the external form of the sphene better than in 
specimen 6. A cluster of leucoxene pseudomorphs of sphene is illustrated in Fig. 
9A. 

Fic. 14A, B. Detail of area outlined on Fig. 13A, to illustrate development of 
cliachite from gibbsite. Most cliachite appears dark in plane polarized light, but in 
areas such as a and a’ it cannot be differentiated from gibbsite except between 
crossed nicols (cf. Fig. 17). A faintly yellowish tint generally helps to differen- 
tiate some of this almost colorless cliachite, and some can be differentiated from 
adjacent gibbsite by the slightly coarser grain of the gibbsite. At high magnifica- 
tion, the separation of gibbsite and cliachite is less definite than it appears in Fig. B. 

In the large area of cliachite (c) in the center of Fig. 14B, birefringent, more 
or less isolated grains and patches of gibbsite can be seen, and at higher magnifica- 
tions most of the cliachite is finely granular between crossed nicols. 

Around a’ the remnants of gibbsite are in part in thin parallel linear bodies in 
the cliachite, apparently along the cleavages of the pseudomorphosed feldspars. In 
general, the cliachite areas are elongated parallel to the elongation of the pseudo- 
morphosed feldspars. 

In the dark area (center of Fig. 14A) spheroidal concretionary bodies have 
reached a moderate state of development but, as can be seen in Fig. B, there is still 
much gibbsite left. Some spheroidal bodies consist of a brown translucent material 
darker than surrounding cliachite; it appears to be isotropic and has irregular 
cracks suggesting shrinkage as of colloidal material (cf. Fig. 16, c). But sphe- 
roidal areas seem also to be forming in gibbsite as illustrated in Fig. 11. In Fig. 
14B, adjacent to c, gibbsite outlines spheroidal areas in cliachite, but it is discon- 
tinuous and seems to be residual from the alteration of gibbsite to cliachite rather 
than to have formed secondarily around the cliachite concretions, as it probably did 
in specimens like 9 (Fig. 16), in which cliachite concretions are highly developed. 
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Fic. 15A, B. Thin section of spec. 8. Concretionary bauxite and bauxite 
pseudomorphs of feldspars in matrix of kaolin. Most feldspar pseudomorphs show 
partial alteration of gibbsite to cliachite. The large grain in the upper left corner 
is a good illustration. Most of the gibbsite-cliachite pseudomorphs of feldspars 
have some cliachite more or less enveloping them. Most of the concretionary 
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Carbonates.—In the partly kaolinized core of nepheline syenite (spec. 4), 
carbonates are abundant. Some are ankerite, some are ferruginous carbonate. 
They are also present in specimen 5, the 2-inch kaolinitic envelope of the 
central kaolinized “boulder.” But none were found in bauxitic layers. 


CONCLUSIONS 


The problem with which this paper is concerned is the genetic relations 
between the bauxite and the kaolin. It aims to present the evidence obtained 
with the aid of the microscope, in support of the interpretation, offered in the 





bodies have well-defined, continuous spheroidal outlines, not penetrated by kaolin, 
but there is kaolin (e) inside of many concretions. In many of these the inter- 
penetration of the kaolin and cliachite is so intimate that it seems impossible to draw 
a boundary between the areas. Not all the cliachite envelopes are complete however 
(see a); a’ consists mostly of coarse kaolinite with little cliachite envelope. 

The large concretion (upper half of figure) is a good example of a compound 
concretion (“compound pisolite”) ; the gibbsite of the feldspar pseudomorphs in it 
is largely altered to cliachite which does not, however, differ markedly in color 
from the gibbsite. The dark material in the outer part of this concretion is not as 
opaque as it appears in Fig. A. Under the microscope it is granular, brown, some 
of the coarser grains opaque. No kaolin is inside this concretion; the clear areas 
of Fig. A are voids. Most of the opaque grains in this section are black. Grains 
of leucoxene type have a rich-brown color by reflected light; they look corroded 
and show little trace of the rhombic form characteristic of sphene. 

In Fig. B the bright rims around bauxite bodies at their contacts with kaolin 
are made up of gibbsite crystals. 

Fic. 16A, B. Thin section of spec. 9 showing well-developed concretionary 
structure, of which all stages can be seen from gibbsite pseudomorphs of feldspars 
with thin envelopes of cliachite to spheroidal bodies of cliachite with more or less 
concentric banding. The character of the cores and envelopes varies considerably. 
Cores of granular gibbsite are stil! common; many show traces of feldspathic cleav- 
ages or outlines of feldspar crystals. Kaolin is less extensive and more localized. 
It constitutes the vein k-k and many patches (k). Note that much of the kaolin 
outlines concretions. The highly birefringent rims around individual concretions 
and between kaolin and bauxite are made up of gibbsite crystals. They are concen- 
trated near the kaolin vein. The kaolin is mostly fine grained and shows very few 
even faintly recognizable crystals with accordion structure. Concretions enclosing 
kaolin were found only in or immediately adjacent to the kaolin vein (o and 
Fig. 12. 

At low magnifications between crossed nicols the material in the area c looks 
much like the areas of kaolinite except for a few small brightly birefringent flecks. 
Unlike anything else noted in this series of thin sections, excepting some of the 
spheroidal bodies illustrated in Fig. 14, as at c, this material appears—except for 
the few scattered bright flecks—absolutely structureless, isotropic even at the high- 
est magnifications and with the strongest illumination. The bright flecks appear to 
be minute remnants of gibbsite pseudomorphs of feldspars. Apparently this, also, 
is colloidal bauxite. 

The area d, which looks structureless in plain light and finely granular between 
crossed nicols, appears at high magnification and with strong illumination to 
consist in part of crystalline kaolinite, in part of diffuse and unresolvable kaolin. 
Vaguely spherical forms in it suggest that the kaolin may have replaced cliachite 
concretions. 

Opaque minerals appear scarce and on the whole fragmental or corroded, but 
one good rhombic crystal of sphene altered to leucoxene was seen. 
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earlier paper by Goldman and Tracey (2), that kaolin was not formed as an 
intermediate product in the formation of residual bauxite from the Arkansas 
nepheline syenite, but that the bauxite formed before the kaolin and under 
entirely different conditions. Subsequently a surviving core of unaltered or 
only partly altered nepheline syenite weathered to kaolin with conversion of 
part of the eneveloping bauxite to kaolin by the escaping silica, or by replace- 
ment by kaolin. In the photographs (Figs. 2, 3) as in the field, the dis- 
tinctness of the inner core up to specimen 5 in Figure 2 can be recognized. 
This was apparently an unbauxitized unaltered core of nepheline syenite when 
bauxitization ended. It is now kaolinized. 


Stages in Formation of Bauxite 


The following steps in the alteration of the feldspars of nepheline syenite 
to bauxite have been discussed and illustrated. 

(a) Formation of a mass of fine-grained gibbsite replacing feldspars 
without elimination of the external form or cleavages of the feldspars (Figs. 
10, 13). 

(b) The development of colorless to brown fine-grained, or amorphous, 
or colloidal cliachite from this gibbsite with destruction of the form of the 
original feldspars (Figs. 13, 14). 

(c) The development of a concretionary structure (“pisolitic-oolitic” ) 
in the cliachite. The concretions, as the current terms “oolite,” “pisolite,” 
“compound pisolite” indicate, range widely in size and include compound 
concretions consisting of many smaller concretions within larger ones, some 
of the enclosed concretions themselves being compound (Figs. 15, 16). 

The formation of the cliachite seems to consist in the patchy breaking 
down of the crystalline gibbsite into what at lower magnifications appears 
to be an amorphous or isotropic substance—some of it with a vaguely sphe- 
roidal structure—in which isolated grains or tattered patches of crystalline 
gibbsite can be recognized between crossed nicols. At higher magnifications 
most of the cliachite itself appears finely granular between crossed nicols. 
In plane polarized light most of it is differentiated from the gibbsite by a 
brown to pale-yellow color, but much of it is colorless and indistinguishable, 
even at high magnifications (Figs. 14, 17). Some of the more or less sphe- 
roidal bodies seem to consist of a truly amorphous metacolloid-like substance 
darker brown than most of the cliachite (Fig. 14 at c and Fig. 16 at c). 

That cliachite develops from gibbsite has been previously assumed (5, 
p. 43), but I do not believe that the process has been described and illustrated 
in detail. 


Paragenetic Relations of Bauxite and Kaolin 


That kaolin in the bauxitic material of specimens 6 to 9 is secondary to 
the bauxite seems an inevitable conclusion from the entire relations of the 
two substances. As regards specimen 6, the same reasoning applies as that 
brought out by Goldman and Tracey (2, p. 573). The gibbsite pseudo- 
morphs of feldspar in that specimen could not have developed from a kaolin 
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so lacking in feldspathic structure as that of specimen 5. Furthermore, in 
specimen 6 itself, there is no extension of the outlines and cleavages of the 
gibbsite pseudomorphs of feldspars into the surrounding kaolin though the 
kaolin penetrates the pseudomorphs. The pseudomorphs could therefore not 
have formed from the kaolin. 

Some of the kaolin in specimen 9 occurs as definite veins and must be 
secondary. All relations on both sides of specimen 9 indicate that this kaolin 
came from the inner part of the spheroidal body from which all these speci- 
mens were taken. 

As pointed out above, excepting specimen 8, there is a regular decrease in 
proportion of kaolin from the inner to the outer edge of the bauxite envelope. 

Specimen 7, which is 2 feet nearer the periphery than specimen 6, was 
characterized in the field by its granitic texture as compared with the con- 
cretionary structure of specimen 8 only 3 inches farther out. In the field I 
did not recognize the more extensive kaolinization of specimen 8. On the 
hypothesis that kaolinization worked from the inside out this remains to be 
explained. 


Susceptibility of Different Forms of Bauxite to Kaolinization 


There are indications in specimen 7 that kaolin replaces cliachite more 
readily than it replaces gibbsite. In general it is evident that cliachite forms 
from gibbsitized feldspars by working from the outside in. Yet, though there 
is considerable cliachite along the cleavages of the gibbsitized feldspars in 
specimen 7, their cliachite envelopes, where they are in contact with kaolin, 
are generally very thin. The gibbsite, on the other hand, shows little replace- 
ment by kaolin. This suggests that there were originally larger areas of 
cliachite between the gibbsitized feldspars and that the kaolin has, by prefer- 
ence, replaced these. The fact that in specimen 9 (Fig. 16) much of the 
kaolin outlines concretions points to the same conclusion. 

There is also evidence that kaolinization of cliachite differentiatiates be- 
tween granular, less maturely concretionary cliachite and maturer concre- 
tions. Many of the larger concretions in specimen 9 (Fig. 16) have an en- 
velope that is denser, less granular than the inside. In the field, also, the 
envelopes of many of the larger bauxite concretions look hard and flinty as 
compared with the softer more friable matrix surrounding them. In speci- 
men 8, although gibbsite nuclei with even very thin envelopes of cliachite have 
not been attacked by kaolinization, there is kaolin inside several of the well- 
developed cliachite concretions. Apparently, therefore, the more granular 
cliachite is more readily kaolinized than the denser cliachite of the envelopes 
of the larger concretions. 

Formation of cliachite concretions, most of them with nuclei of gibbsitized 
feldspars, is advanced in specimen 8. There are also many, more or less 
rounded remnants of gibbsitized feldspars with fringes of cliachite of varying 
thickness. Comparison of specimen 8 with specimen 9 makes it seem prob- 
able that the concretions and gibbsitized feldspars, in specimen 8, originally 
lay in a matrix of minutely concretionary or granular cliachite. 
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Fic. 17A, B. Detail of a concretion in spec. 9 illustrating partial alteration of 
a gibbsite pseudomorph of feldspar to cliachite. The lack of differentiation, in 
plane polarized light, between the gibbsite and the cliachite areas is striking. Be- 
tween crossed nicols (B) the cliachite is dark. No fine interlocking grains of the 
gibbsite could be recognized in A. The brown color that commonly differentiates 
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The large proportion of kaolin in specimen 8 may then be explained by 
assuming that the kaolinizing solutions emerging from the nepheline syenite 
core largely by-passed the much more gibbsitic layer of specimen 7 to attack 
the more finely concretionary granular cliachite matrix of specimen 8. They 
did not reach the more peripheral layer represented by specimen 9 in the 


same amount, and their kaolinizing content was largely exhausted when they 
did. 


Coarse Kaolinite and Spheroidal Bodies in Kaolin 


In the absence of more detailed studies of the steps in kaolinization or 
perhaps of the earliest stages in the direct bauxitization of nepheline syenite, 
nothing conclusive can be said about the bodies of coarse kaolin and the vari- 
ous types of spheroidal bedies in specimens 5 and 6. The bodies of coarse 
kaolin might represent kaolinized gibbsite pseudomorphs of pyroxenes, am- 
phiboles, or nepheline. That the spheroidal bodies are derived from bauxite 
concretions is highly improbable in view of the poor development of such 
bodies even in the much more peripheral specimen 7. They might more prob- 
ably be concretionary bodies formed in the kaolin itself. It is evident, how- 
ever, that they have in part been deformed and given their spheroidal form 
by flowage in these rocks. 


Zone of Specimen 5 


It is of some interest to consider the evidence bearing on the history of 
the zone from which specimen 5 was taken. This was a 2-inch zone of soft 
kaolinitic material between the massive inner kaolinitic body and the outer 
envelope of more or less kaolinitic bauxitic rock. It is softer than the rock 
on both sides of it. 

The position of specimen 5 can best be visualized from Figure 3. There, 
the boulder-like character of the distinctly kaolinitic core has been emphasized 
by removal of enveloping material. Specimen 5 was equivalent, I believe, to 
what immediately envelopes that “boulder.” 

Is it a completely kaolinized inner border of the bauxite envelope, or the 
outer rim of the unbauxitized, kaolinized nepheline syenite? 

Specimens 5 and 6 were taken from areas directly adjacent to one another. 
In the field the sharp boundary between the core and specimen 5 was taken 
to be the boundary between the bauxitized envelope and the original nepheline 
syenite core. In the paper by Goldman and Tracey (2) a similar though 
generally wider soft zone around other residual “boulders” mentioned by 
Mead (5, p. 51) was attributed by them to kaolinization of bauxite. In the 





developing cliachite from gibbsite (e.g., Figs. 13, 14) seems to be completely lack- 
ing here; only a slight and vague concretionary structure can be partially recog- 
nized (Fig. 17A). 

At high magnification between crossed nicols scattered gibbsite grains can be 
recognized in the dark areas within the concretion, and the brighter of these vaguely 
outline orbicular areas. 

The blank areas lettered v are voids. 
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same paper Goldman and Tracey (2, p. 574-575) cited several examples of 
a sharp contact between bauxite and fresh country rock. The contact between 
the boulder-like core and the layer of specimen 5 is also sharp. By analogy, 
therefore, this layer might be attributed to kaolinization of the innermost part 
of an original bauxite envelope. The peripheral contact of the 2-inch layer 
of specimen 5 with the gibbsitized layer of specimen 6 is also sharp. The 
evidence from the sharpness of the inner boundary of the layer is, therefore, 
inconclusive. 

In the thin section of specimen 5, there are many large, well-defined, in 
part straight-sided, relatively equant bodies, such as D, many of them made 
up of coarse kaolinite. Similar bodies occur in specimen 6 (Fig. 10). On 
the other hand in specimen 4 from the very core of the residual “boulder” I 
found no remnants or pseudomorphs of other minerals than feldspars and small 
grains of opaque minerals. There is little doubt that this core was never 
bauxitized. 

Fred A. Hildebrand of the U. S. Geological Survey * has suggested that 
on account of the general habit size and commonness of these large bodies 
with more or less rectilinear borders, they probably represent weathered py- 
roxenes and amphiboles. He found biotite to be missing in the kaolinized 
rock, or at least much less abundant relatively than these bodies. It seems 
possible that some of them represent nepheline. Insofar as these contain the 
dirty, interlaminated impurity it would be necessary, in the case of the last- 
named mineral, to assume that it was introduced and held between the plates 
of kaolinite. However, Hildebrand found nepheline much scarcer in the 
nepheline syenites from this area than their name would lead one to expect. 

The presence of these coarse well-defined, in part rectilinear and equant 
bodies therefore suggests that the narrow 2-inch zone from which specimen 5 
was taken was originally bauxitized, that the coarse kaolinite occupies the site 
of minerals that were still differentiated in some way in the bauxitized rock 
and have remained differentiated when the rock was subsequently kaolinized. 
The partial association of similar bodies in specimen 6 with coarse gibbsite 
lends some support to this assumption. 

There is, however, one piece of evidence that favors the assumption that 
the zone of specimen 5 was never bauxitized. That is the abundance of car- 
bonates in it. Carbonates are characteristic of the partly kaolinized core of 
the “boulder,” but I did not find any in the bauxitized specimen 6 immediately 
adjacent to specimen 5, nor in any of the bauxitized specimens beyond it. 

However, the carbonates in specimen 5 are finely disseminated, whereas 
in specimen 4 they are in coarse, abundant masses. This lends some support 
to the assumption that they were carried into specimen 5 after they had been 
formed in specimen 4, and after partial bauxitization of specimen 5. 

The complete absence of carbonates in specimen 6 and those beyond might, 
on that assumption, be explained by more advanced bauxitization of those 
specimens. This would probably make them more porous and might thus 
result in oxidation and redistribution of the substance of the carbonates. 


2 Oral communication, 1951. 
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The difference of the zone of specimen 5 from the rock on both sides of 


it in this respect is only part of the general problem of its sharp differentia- 
tion from them. 


Paragenesis of the Coarse Kaolinite Bodies in Specimens 5 and 6 


Lacroix in discussing coarse kaolinite bodies, similar to those in speci- 
mens 5 and 6, and also derived from nepheline syenite (4, p. 276 and pl. 14, 
p. 384), has assumed that they were formed directly from the minerals they 
may replace, while the feldspars altered to gibbsite. I have seen no good 
evidence of such bodies of kaolinite syngenetic with the bauxite in the Ar- 
kansas deposits. It seems more probable that such original minerals also 
were desilicated during gibbsitization of the feldspars, but that either they 
left more permeable residues—there is gibbsite coarser than average mixed 
with and adjacent to these coarse kaolin bodies in specimen 6; or that they 
were more or less completely removed. If the latter, coarse kaolinite was 
free to crystallize in the voids they left. 

I have considered the possibility that the more spheroidal of these bodies 
might result from the kaolinization of bauxite concretions such as characterize 
the bauxite outside the zone from which this specimen was taken. But this 
hypothesis is made very improbable by the absence of well-defined concre- 
tions in specimen 7, considerably more external to the boulder than specimen 
6 and therefore representing a more mature state of the bauxite. 


Flowage in the Kaolinitic Specimens 5 and 6 


The internal deformation (“flowage”) noted in specimens 5 and 6 is 
probably due to increase in volume resulting from alteration of bauxite to 
kaolinitic rock. This increase amounts roughly to 50 percent. Mead noted 
the deformation in the dense zone of kaolin between bauxite and kaolinized 
nepheline syenite (5, p. 51). But whereas Mead attributed the deformation 
and the consequent compactness and lack of granitic texture to “slumping or 
packing of the kaolinized rock” (presumably as a result of external pressure), 
I would attribute the deformation to the expansion that resulted from kaolin- 
ization and destruction of granitic texture. Specimens 5 and 6 are from an 
essentially vertical portion of two of the envelopes of a spheroidal body. To 
deform them by the pressure of overlying material that pressure would have 
had to be converted into an essentially horizontal one, with consequent flow- 
age and fracture in the adjacent rock. I noted no such deformation in the 
field and none is apparent in Figure 2. Lack of such deformation seems 
especially clearly recorded in the hard limonitic envelope (specimen 10 and 
points a). 

Fred A. Hildebrand observed, in the field, slickensided planes, some as 
long as 4 inches, in the kaolin surrounding residual syenite “boulders.” Many 
of these are close together and are haphazardly oriented. He believes that 
they are the result of expansion during kaolinization and accompanying 
hydration.* 


8 Oral communication. 
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But it must be admitted that even if the deformation illustrated by speci- 
mens 5 and 6 was due to expansion resulting from alteration of bauxite to 
kaolin this expansion might have caused fracturing of the enveloping bauxite. 
Two considerations might account for the absence of such fracturing. One 
is that most or even all of the expansion might have been taken up by the 
porosity of the bauxite before kaolinization. Mead gives the average pore 
space of bauxite samples as 38.5 percent (5, p. 39). The pore space of 
“sponge ore” or “granitic ore’ might be much greater and might therefore 
take up all the increase in volume. 

Furthermore whether or not the force exerted because of a chemical change 
involving increase in volume results in deformation of the envelope seems to 
depend on the relation between the force exerted by the change and the 
strength of the envelope. If the envelope is strong enough to resist the ex- 
pansion, excess of materials involved in the chemical change will be carried 
off. As a consequence either silica involved in kaolinization of bauxite, or 
some of the resulting kaolin or of the original aluminum hydrate might be 
carried into more peripheral parts of the surrounding body. The first of the 
two last-named processes might account for part of the kaolinization, the 
second for the gibbsite that rims so much of the concretionary bauxite. 


Change of Gibbsite to Cliachite and Evolution of Cliachite 


The alteration of crystalline bodies of gibbsite to fine-grained to amorphous 
cliachite, as in this bauxite, is an unusual process deserving some considera- 
tion. The usual process is the reverse. Amorphous substances crystallize 
and masses of fine-grained crystals become coarser by integration. To find 
out just what takes place, modern laboratory techniques such as X-ray an- 
alysis and electron microscopy will have to be invoked. But it may be pointed 
out here that the change is accompanied by an increase in index of refraction. 
The index of refraction of cliachite is given by Rogers and Kerr (7, p. 201) 
as ranging from 1.57 to 1.61. The highest refractive index of gibbsite is 1.56. 
It is perhaps audacious on such slight evidence to make suggestions regarding 
possible processes involved in the alteration of gibbsite to cliachite, but these 
indices of refraction point to the conclusion that the formation of cliachite in- 
volves a loss of water from gibbsite and a trend toward the formation of dia- 
spore or boehmite with one instead of three molecules of water and indices 
of refraction respectively of 1.70 to 1.75 for diaspore and a mean index of 
about 1.64 for boehmite (6, p. 645). Some of the dense cherty-looking dark- 
brown material that occurs in some of the concretions in Arkansas bauxite 
and that seems to represent an advanced stage in their development has in- 
dices of refraction considerably higher than gibbsite, and analyses indicate 
that it is a monohydrate. 

If the formation of cliachite involves dehydration, the breaking down of 
gibbsite to a fine-grained to amorphous mass with scattered recognizable 
gibbsite crystals may involve the formation of a fine-grained mixture of 
crystalline gibbsite and one or two of the monohydrates of aluminum. 
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Gibbsite Films 


How are the films of gibbsite so characteristic of the contact of cliachite 
and kaolin in specimens 7 to 9 to be explained? It is well recognized that 
gibbsite is carried in solution through bauxite deposits, but the association 
with kaolin does not seem to fit with that origin as kaolin would be more im- 
pervious than cliachite and secondary gibbsite should therefore be more 
common in cliachite than around cliachite-kaolin contacts. I can only sug- 
gest other possible explanations, as for example that the adjacent kaolin, 
perhaps by supplying water, caused re-formation of aluminum trihydrate in 
the cliachite or that the cliachite removed silica from the adjacent kaolin, con- 
verting the kaolin to gibbsite. 


Relation of Bauxitization and Kaolinization Respectively to the 
Accessory Minerals 


Sphene.—Alteration of sphene to leucoxene accompanies both kaoliniza- 
tion and bauxitization. One leucoxene pseudomorph of sphene was seen 
in the kaolinized core (spec. 4). As I did not examine more peripheral 
parts of the material known to have been kaolinized but not bauxitized, it 
is not possible to say definitely what effect more advanced kaolinization has 
on sphene. But the fact that only one grain of sphene was noted in the kaolin- 
ized rock, whereas they are common in bauxitized rock, suggests that kaolin- 
ization may destroy sphene. 

In the bauxitized envelope leucoxene pseudomorphs become increasingly 
skeletonized, corroded, and scarce with increasing bauxitization. Perhaps 
with the development of cliachite the titania, also, is dispersed in a fine- 
grained or colloidal form. 

Sulfides—There are sulfide grains in specimen 4, but none were noted 
in any of the other specimens. Therefore kaolinization apparently does not 
destroy sulfides but bauxitization apparently does. 

McKenzie Gordon of the U. S. Geological Survey, who with Joshua I. 
Tracey, Jr., is preparing a report on the Arkansas bauxite deposits, tells me 
that pyrite is rather common in these deposits. However, I feel sufficiently 
sure of my observations to suggest that the pyrite they find in bauxite may 
have been introduced after formation of the bauxite, since lignite beds high 
in sulfides overlie the Arkansas bauxite in many places. The evidence that 
bauxite formation generally takes place under oxidizing conditions favors 
this interpretation. 

Other Opaque Minerals—Some black opaque grains, probably magnetite, 
seem to survive bauxitization. As bauxitization is generally believed to be 
an oxidizing process this is noteworthy. These grains are, however, much 
more abundant in the kaolinized core than in the bauxitized specimens. 

Other grains are red. They might be oxidized ilmenite or ferruginous 
sphene. 

In places the different opaque minerals are intergrown (Fig. 5A, grains 
B and B’; Fig. 9A), and there are gradations in the color of the leucoxene 
from pale lavender or almost gray, to reddish. 
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Carbonates——The brown to yellow masses of coarse carbonates that are 
abundant in the kaolinized core (spec. 4) are obviously secondary, presumably 
derived from ferruginous and calcareous minerals in the nepheline syenite. 
Their abundance implies that they are derived mainly from the silicates. 

In specimen 5 the carbonates are finely disseminated. As pointed out in 
discussing the history of specimen 5 the difference, in this respect, from speci- 
men 4, suggests that they may have been introduced in specimen 5 from the 
kaolinized “boulder” after specimen 5 was bauxitized. 


Genetic Relations of Gibbsite io Kaolin 


The evidence for kaolinization of the bauxite in this “boulder” seems fairly 
conclusive. But the observations here recorded contribute no essential evi- 
dence, not presented in the paper by Goldman and Tracey (2), in support of 
the hypothesis that kaolin is not an intermediate product in the process of 
bauxitization. However, the conditions associated with the spheroidal re- 
sidual masses (pseudo-boulders) of more or less kaolinized nepheline syenite 
discussed in both papers offer some cogent theoretical considerations, not 
brought up in the earlier paper, in support of that hypothesis. 

For weathering to form a spheroidal core and to continue into it, the sub- 
stances removed in weathering must pass through the already weathered ma- 
terial. Whether kaolin or bauxite is the immediate product of weathering, 
silica is one of the principal eliminates. The evidence presented above and 
in the paper by Goldman and Tracey (2) shows that bauxite around such 
spheroidal cores has been replaced by kaolin, probably by combining with 
silica passing through it, possibly, at least in part, by being replaced by kaolin 
in solution. In the presence of such a process an envelope of bauxite could 
not have formed around a core that was losing silica by weathering, because 
if bauxite formed it would be continuously converted back to kaolin by the 
escaping silica. Bauxitization could then not take place until an entire body 
of rock were converted to kaolin. The development of residual cores of 
unkaolinized rock in bauxite would be impossible. There would have to be 
some condition that prevented escaping silica from recombining with the 
bauxite outside the weathering core. Such a condition would be entirely 
different from that which has caused kaolinization by resilication of bauxite 
around a more or less kaolinized core of nepheline syenite. 

But in view of the seeming readiness with which bauxite has gone back 
to kaolin under conditions that caused kaolinization of the silicate rock it is 
difficult to conceive of other conditions that also altered the original rock 
first to kaolin and then to bauxite, but this time prevented the reconversion 
of surrounding bauxite to kaolin. It seems more probable that conditions 
that could prevent the recombination of bauxite with silica in solution would 
be such as would produce bauxite directly from the original rock. In that 
case the hypothesis that bauxite is a product merely of more prolonged weath- 
ering during which kaolin, itself a product of desilication, loses its silica is 
erroneous. Kaolin and bauxite are the products of two essentially different 
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processes and conditions. What are the special processes and conditions that 
produce bauxite? 

Laterite and bauxite are today found predominantly in tropical regions, 
and it is generally believed that they form under tropical conditions. But it 
seems improbable that the mere physical differences within climatic ranges 
of temperature and precipitation or of amount of nitric acid in rain water due 
to tropical thunderstorms, as suggested by Walther (8, p. 564), could cause 
such sharp differences in the chemical alteration of silicate rocks. But many 
organisms are sensitive to slight differences of temperature within the ranges 
existing at the surface of the earth. This was pointed out by Holland (3, 
p. 62-65) who suggested that laterite and bauxite were due to a micro- 
organism related to atmospheric temperature. The essential of the tempera- 
ture he suggested was not its average for the year but its minimum. Below 
that minimum the microorganism would be killed off. . 

That, under the conditions which produce bauxite, the escaping silica does 
not combine with bauxite through which it must pass may be due to the silica 
being in an organic compound incapable of reacting with the bauxite. 

Holland seems to have attributed the origin of kaolin entirely to the action 
of hypogene solutions and therefore assumed that kaolin and bauxite could 
not form under the same conditions (3, p. 63). In view of what is now 
known of the origin of kaolin by surface weathering this does not follow. 

Localized chemical, physical, or mineralogical conditions within a body 
of decomposing rock might result in the formation of small amounts of 
kaolin in a bauxite body. So far as I know almost all analyses of Arkansas 
bauxite show some silica. The form in which this silica occurs has not been 
determined. If it is present in kaolin the kaolin could be the result of later 
silication. But if the kaolin is syngenetic with bauxite and has survived to 
this day, that might, if the preceding evidence and deductions for the direct 
origin of bauxite are accepted, serve merely as confirmation of the hypothesis 
that under the conditions that existed in Arkansas at the time the bauxite 
was formed, kaolin did not go over to bauxite. 


1234 Resecca Drive, 
Hoiirn Hits, ALEXANDRIA, VA. 
May 1, 1955 
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GEOCHEMISTRY AND MINERALOGY OF A URANIFEROUS 
SUBBITUMINOUS COAL? 


IRVING A. BREGER, MAURICE DEUL, AND ROBERT MEYROWITZ 


ABSTRACT 


A sample of subbituminous uraniferous coal from the Red Desert, 
Sweetwater County, Wyo., has been studied mineralogically. The coal 
contains gypsum (6 percent), kaolinite (1 percent), quartz (0.3 percent), 
calcite (trace), and limonite (trace). This suite of minerals and the ab- 
sence of pyrite show that the coal has been subjected to weathering and 
oxidation. No uranium minerals have been found; mechanical fractiona- 
tion has indicated that the uranium is associated with the organic constit- 
uents of the coal. The minerals that have been isolated contain 0.0006 
percent uranium, a content that is to be expected for nonuraniferous sedi- 
mentary rocks. The organic components of the coal contain approxi- 
mately 0.002 percent uranium. On the basis of material-balance calcula- 
tions, the organic components carry 98 percent of the uranium in the coal. 

Batch extraction of the Wyoming coal with 6 N hydrochloric acid leads 
to the solution of almost 90 percent of its uranium. Recovery of uranium 
is independent of the particle size of the coal between — 4 and — 20 mesh, 
and is accompanied by the solution of approximately 70 percent of the 
inorganic constituents (ash) of the coal. The extract contains, together 
with uranium, a concentration of several elements such as manganese, 
cerium, and vanadium that are present in the coal. 

Fischer assays of this weathered coal from the Red Desert indicate a 
yield of 16.7 gallons of tar per ton. Yields of both tar and char are about 
15 percent lower if the coal is first treated with 6 N hydrochloric acid to 
extract the uranium. 

It is suggested that uranium was introduced into the coal by means 
of ground water carrying soluble alkaline or alkaline-earth uranyl carbo- 
nate complexes. The mineral schroeckingerite—a similar complex—is 
found near this subbituminous coal in the Red Desert of Wyoming. These 
complexes, which are unstable in acid medium, release the uranyl ion 
(UO,**+), which may then react with organic constituents of the coal to 
form ionic uranyl-organic compounds that are insoluble above a pH of 
about 2.2. 

Preliminary data indicate that the uranium is associated with various 
humic components of the coal. The distribution of uranium among the 
components of the subbituminous coal from Wyoming is similar to the 
distribution in a lignite from South Dakota. There is no indication that 
uranium was introduced into or retained by the two coals by appreciably 
different geochemical processes. 


INTRODUCTION 


PRELIMINARY geologic investigations of the subbituminous uranium-bearing 
coal from the Red Desert of Wyoming were first described in 1946 by A. L. 
Slaughter and J. M. Nelson of the U. S. Geological Survey in connectior 


1 Publication authorized by the Director, U. S. Geological Survey. 
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with a program conducted by the Geological Survey on behalf of the Division 
of Raw Materials of the U. S. Atomic Energy Commission. Field studies 
were subsequently carried out in the Geological Survey by N. M. Denson, 
G. O. Bachman, H. D. Zeller, H. Masursky, and G. N. Pipiringos, and by 
Wyant, Sharp, and Sheridan (13). 

In the Red Desert area the subbituminous coal occurs in tongues of the 
Wasatch formation (Eocene) where the Wasatch interfingers with the Green 
River formation. It has been suggested by Survey geologists that the ura- 
nium may have been carried into the coal by the action of ground water. 

In 1952, coal samples were collected from the Luman No. 1 bed at its 
outcrop near the center of sec. 28, T. 24 N., R. 95 W., Sweetwater County, 


TABLE 1 


ANALYTICAL DATA FOR THE SUBBITUMINOUS COAL FROM THE LUMAN 
No. 1 Bep, SWEETWATER County, Wyo.! 











As “ay | “a ies Se 
: : | : (%) 
Proximate analysis 
Moisture 19.7 
Volatile matter 31.7 39.5 53.0 
Fixed carbon 28.1 35.0 47.0 
Ash 20.5 25.5 
Ultimate analysis 
Hydrogen 5.8 4.5 6.0 
Carbon 46.4 57.8 77.6 
Nitrogen 1.2 iS 2.0 
Oxygen 24.7 9.0 12.1 
Sulfur 1.4 Lev 2.3 
Ash 20.5 25.5 
Forms of sulfur 
Sulfate 0.04 0.05 0.06 
Pyritic 0.66 0.82 1.10 
Organic 0.67 0.84 1.12 
Calorific value 7,840 Btu 9,750 Btu 13,100 Btu 

















1 Analysis by U. S. Bureau of Mines, Lab. No. D-96789, December 3, 1952. 


Wyo. This coal was partly weathered as evidenced by the presence of gyp- 
sum and absence of detectable pyrite. Analytical data for the coal are shown 
in Table 1. Geochemical and mineralogic studies were undertaken to com- 
pare this subbituminous coal with the uraniferous lignite from South Dakota 
(2) with regard to mode of retention of uranium. 

The percentages of uranium and of oil and gas that are reported in the 
table were obtained on coal from the uppermost foot of the Luman No. 1 bed. 
Other coals in the Red Desert area are known to have higher percentages of 
uranium, and the data given in this report are not necessarily representative 
of all the other coals in the area. 

The studies reported in this paper have been carried out on behalf of the 
Division of Raw Materials of the U. S. Atomic Energy Commission. 

Acknowledgment.—The authors wish to acknowledge the assistance of 
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J. J. Warr, Jr., and S. Rubinstein in conducting the analytical and mineralogic 
investigations. 


MINERALOGIC STUDIES 


To conduct this investigation it was necessary first to determine the dis- 
tribution of uranium between the separable minerals and the organic com- 
ponents of the coal. A sample of the coal from the uppermost foot of the 
Luman No. 1 bed was crushed to approximately — 4% in. in a jaw crusher 
after which the material was thoroughly mixed on a large tray. The homog- 
enized coal was then quartered, and one quarter was used for the experi- 
mental mineralogic and chemical work described below. This quarter of 
the coal was further crushed by hand until it completely passed a 20-mesh 
screen. Analyses of several of the sieve fractions obtained from this coal 
are shown in Tables 2 and 3. 


TABLE 2 


ANALYSIS OF SIEVE FRACTIONS OBTAINED FROM THE LUMAN No. 1 
CoaL USED FOR MINERALOGIC STUDIES 




















=: : ercen Ash, dry basis J in dry asl J in dry cc 
Sieve trestion —— | Ash, oR) basis | U nS ash | U in coal 
—20+50 51.6 10.45 | 0.0175 0.0018 
—50 +100 21.1 10.55 0.0228 0.0024 
—100 +140 7.1 11.63 0.0204 0.0024 
—140 +200 5.0 12.66 0.0154 0.0020 
—200 +230 2.9 14.2 0.0130 0.0019 
—230 +325 1.9 15.0 0.0125 0.0019 
—325 10.4 23.46 0.0077 0.0018 
| 
Original coal 13.19+1.80 0.0165 +0.0016 0.0022 +0.0004 
(data based on 
seven analyses)! ° 














1 Standard deviation. 


A mechanical separation of the mineral constituents from the coal was 
performed using essentially the same technique that had been found satisfac- 
tory for the coal from Harding County, S. Dak. (2). Liquids of specific 
gravity 1.55, 1.56, 1.57, and 1.58 (carbon tetrachloride alone or in admixture 
with benzene) were prepared for sink-float experiments. Microscopic ex- 
amination of the separates showed that use of mixtures of benzene and carbon 
tetrachloride having specific gravities of 1.55 and 1.56 did not lead to appre- 
ciable fractionation of the minerals from the coal. Carbon tetrachloride alone 
(specific gravity 1.57) was eventually chosen for float-sink separations as it 
yielded a high-ash sink fraction corresponding approximately in size to the 
known ash content of the coal. 

Using carbon tetrachloride (specific gravity 1.57), a heavy fraction was 
obtained which accounted for 8 percent by weight of the — 20-mesh coal. 
This fraction had an ash content of 89.6 percent and contained 0.0006 per- 
cent uranium in the ash. The float from this separation accounted for 92 
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percent of the coal, contained 9.5 percent ash, and 0.020 percent uranium in 
the ash. Figure 1 shows the scheme of these separations. 

Data for mineralogic fractionation was obtained from — 100 + 200-mesh 
coal, which was chosen for this work because mixed grains of this size could 
be easily separated for identification. It is recognized that certain minerals 
may be selectively concentrated in sieve sizes other than the — 100 + 200 
fraction which was taken for this work. As is indicated by the high per- 
centage of calcium in Table 3, gypsum apparently concentrates in the — 325- 
mesh fraction under the conditions of grinding that were employed. This 
fraction, however, accounts for only about 10 percent of the coal. It is evi- 
dent from Tables 2 and 3 that the — 100 + 200-mesh coal that was used for 


TABLE 3 


SEMIQUANTITATIVE SPECTROGRAPHIC ANALYSES, IN PERCENT, OF ASHES FROM A SAMPLE OF THE 
LuMAN No. 1 COAL AND FROM ITs SIEVE FRACTIONS}? 



































Over 10 1-10 0.1-1.0 | 0.01-0.1 0.001-0.01 0.0001-0.001 
Original coal | Al Si | Mg Ca Fe NaB | MnPb Sr Ti |}Ga ZnV Y¥ Yb| Ag 
Ni Ce Co Ba!Sc Be 
Nd Cu Mo Cr | 
| La 
—20+50 | Al Si | Mg Ca Fe|NaB Ti|MnSr Ce Cul MoV [Be _ 
Nd Ni Pb Y | Yb Se Zr 
Co La Ba Ga| Ag 
| = Cr 
| 
— 140 +200 Al Si | Mg Ca Fe | NaB Ba MnCe, Ti | MoV Y_.GaSc | Yb Ag 
4 Ni Sr Cu Co} Be 
4 Pb Nd La Cr 
ay 
—325 Ca Al Mg Fe} Na Sr Ti Ce B | V |[Y,MoGaSn | Yb Be Ag 
Si Mn Ba Ni Cu} Sc 
Nd Co Pb La 
Cr 
1 Analysts: Mona Frank and Charles Annell, U. S. Geological Survey. 


2 Method used: Waring and Annell (12). 


these studies has an ash content, uranium content, and distribution of trace 
elements very similar to that of the original coal. 

The fraction of the coal having a specific gravity greater than 1.57 was 
immersed in a liquid of specific gravity 2.0—a mixture of carbon tetrachloride 
and bromoform—to effect another separation. The heavy material was 
treated with a carbon tetrachloride-bromoform mixture having a_ specific 
gravity of 2.4 to separate gypsum (specific gravity 2.32) from quartz, cal- 
cite, and limonite. Limonite (specific gravity 3.6-4.0) was isolated from the 
quartz and calcite by use of bromoform (specific gravity 2.8). No effort 
was made to separate quartz from calcite as the amount of calcite was very 
small as indicated by microscopic examination of the fraction. 

Because the minerals could not be separated completely from the organic 
material, it was possible only to estimate the percentages of the minerals. 
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On the basis of these estimates, Table 4 shows the approximate composition 
of the total mineral fraction isolated and of the percentages of the individual 
minerals recalculated to the original coal. 

To identify the clay minerals present in the coal, the organic matter was 
removed from a portion of the mineral concentrate by treatment with 30 
percent hydrogen peroxide. An X-ray diffraction powder pattern of the 


COAL 





(Average: ash, 13.19 percent; uranium in ash, 0.0165 percent) 





(—20 mesh) 


(—100 +200 mesh) 
Float-sink in CCl,4 
(sp. gr. 1.57) 





92 percent a | _8 percent Float-sink in CCl, 


| | (sp. gr. 1.57) 
Float Sink 
(Organic: ash, 9.5 (Minerals: ash, 89.6 


percent; uranium in percent; uranium in | 
ash, 0.020 percent) ash, 0.0006 percent) 


Float Sink 


(Organic and 
clay minerals) } Float-sink in CCl, + CHBrs 
| (sp. gr. 2.0) 
| 
ag | 
Float Sink 
(Clay minerals and organic) (Minerals) 
| 
Float-sink in 
? | CCl, + CHBrs (sp. gr. 2.4) 
Float Sink 
(Gypsum) (Quartz, calcite, limonite) 
| 


| Float-sink in 
CHBrs (sp. gr. 2.8) 





| | 
Float Sink 
(Quartz, calcite) (Limonite) 


Fic. 1. Scheme for heavy-liquid separation of minerals from the subbituminous 
coal from the Red Desert, Wyo. 


residue from the peroxide treatment showed that kaolinite was present. It 
was estimated that kaolinite accounted for 10 percent of the mineral fraction. 
X-ray diffraction patterns of the coal confirmed the presence of quartz. 
An X-ray diffraction pattern of the ash from the coal showed lines for quartz 
and anhydrite, the latter lines confirming the presence of gypsum in the original 
coal. Other diffraction lines were too faint to be measured. 
The average uranium content of the sample of coal used in these studies 
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is 0.0022 percent (Table 2). This analysis is for coal from only the upper- 
most foot of the Luman No. 1 bed at the collection site. 

Analyses of sink-float separates demonstrated an association of uranium 
with the organic components rather than with the minerals of the coal: a 
mineral concentrate obtained by heavy-liquid separation has been found to 
contain 89.5 percent ash and only 0.0006 percent uranium in the ash. To 
confirm the association of uranium with the organic components the follow- 
ing studies were conducted. 

A mechanical fractionation was obtained with a split of the original — 20- 
mesh coal that had been used for the preparation of mineral separates. A 
sample of the coal (100 g) was placed on a stack of sieves, which was then 
mechanically agitated for 30 minutes. At the end of this period the sieves 
were separated, and the fraction obtained from each sieve was weighed. The 
seven fractions that were obtained were analyzed for ash and uranium. The 
data from this experiment have been shown in Table 2. ’ 


TABLE 4 


APPROXIMATE MINERAL CONTENT OF THE LUMAN No. 1 CoAL USED 
FOR MINERALOGIC STUDIES 


Sink in CCl, Coal, 
(sp. gr. 1.57) dry basis 
%) (%) 
Organic matter 10 oo 
Gypsum 75 6. 
Kaolinite 10 hi 
Quartz 3 0.3 
Calcite Trace Trace 
Limonite Trace Trace 


In Figure 2 the percentage of uranium in the ash has been plotted against 
the percent ash for the seven sieve fractions shown in Table 2. It is evident 
that the uranium in the ash decreases as the ash increases, indicating that 
the uranium in the coal is associated with the organic components rather than 
with the minerals. 

From Table 4, separable minerals from the float-sink studies are estimated 
to account for approximately 8 percent of the coal; the uranium content of 
these minerals is 0.0006 percent. Knowing the average uranium content of 
the total coal sample to be 0.0022 (Table 2), solution of the following equation 
indicates that the uranium content of the organic components of the coal, x, 
should be 0.0023 percent: 


0.0022 = (0.08) (0.0006) + (0.92) (x) 
« = 0.0023 percent. 


CHEMICAL STUDIES 


In view of the possible interest in the recovery of uranium as a byproduct 
of the utilization of this coal, preliminary analyses were carried out by the 
Fischer assay technique to compare yields of char and tar of both the original 
coal and the coal after it had been extracted by 6 N hydrochloric acid. In 
previous investigations of the uraniferous lignite from Harding County, S. 
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Dak., continuous treatment of that coal with 1 N or 6 N hydrochloric acid 
resulted in the extraction of most of the uranium (2). As the subbituminous 
coal from the Red Desert area is of higher rank than the lignite, it un- 
doubtedly differs from the lignite in porosity and permeability. Detailed 
studies were, therefore, carried out to compare the extractability of the ura- 
nium from the two coals. Supplementary experiments were conducted to de- 
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Fic. 2. Relationship of uranium in ash to percent ash for sieve fractions from 
the Luman No. 1 coal. 


termine the extractability of uranium from the char produced when the sub- 
bituminous coal is retorted. 

Fischer retort assays of a sample of the Luman No. 1 coal were carried 
out by the method described by Stanfield and Frost (11). In this empirical 
procedure 100-g samples of coal were heated from room temperature to 
500° C in 40 minutes and maintained at that temperature for 20 minutes. 
The tar, water, and char produced are collected and weighed. 
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In Table 5, data for duplicate assays of Luman No. 1 coal show the av- 
erage yield of tar on low-temperature distillation to be 16.7 gallons per ton. 
This yield can be compared to the 26 gallons per ton of tar produced from 
the Sandow lignite of Milam County, Tex. The latter coal is currently being 
used commercially as a fuel and for the production of low-temperature tar. 
The assay data for the Sandow lignite, shown for comparison in Table 5, 
have been obtained by Parry, Goodman, and Gomez (6), using a precision 
technique. Results of retort studies of the Sandow lignite using a large- 
scale fluidized technique have also been published recently (7) and are re- 
produced in Table 5 for comparison. The precision assay technique of Parry, 
Goodman, and Gomez leads to tar yields slightly higher than those obtained 


TABLE 5 
RETORT ASSAYS OF SUBBITUMINOUS COAL FROM THE RED DESERT, WyO., AND OF LIGNITE 
FROM MILAM County, TEx. (ALL DATA ARE REPORTED ON : 
MOISTURE- AND ASH-FREE BASIS) 



































yo kg, Rar Fischer Parry (6) Fluidized (7) 
Coal Red Desert Sandow Sandow 
Rank Subbituminous Lignite Lignite 
Source Wyoming Texas Texas 

Vields, % 
Char 57.0 69.1 71.6 
Tar 6.8 10.5 10.7 
Water 12.8 7.6 7.5 
Gas and loss 23.4 12.8 10.2 
100.0 100.0 100.0 
Yields, per ton 
Char, Ib 1,140 1,382 1,432 
Tar, gal 16.7 27 (approx.) 26 
Water, lb 256 152 150 














with the Fischer assay and are comparable to those from the large-scale 
fluidized unit. 

Although it is possible, as has been suggested by others, to recover ura- 
nium from the ash of coals which have been utilized as fuels (3), the following 
studies have demonstrated that it is also possible to recover the uranium in 
high yield from the coal prior to its combustion or from its char after it is 
retorted. 

Zatch extraction of the subbituminous coal, unground (approximately 
— 4 mesh) or — 20 mesh, was carried out on 50-g samples. Each sample of 
coal was refluxed for 2 hours with 500 ml of either 1 N or 6 N hydrochloric 
acid. After cooling, the suspension was filtered twice through a fritted glass 
funnel of medium porosity and the filtrate was then evaporated to approxi- 
mately 250 ml and diluted exactly to that volume with acid of the strength 
originally used. The coal was recovered from the funnel and returned to 
the flask where it was extracted a second time with 500 ml of acid. The coal 
was again separated from the solvent, which was diluted to 250 ml as before. 
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TABLE 6 


EXTRACTION OF AS-RECEIVED AND —20-MESH COAL FROM THE RED DESERT 
BY 1 N HypROCHLORIC ACID 


























‘ins Ash in dry sample? Uranium in dry ash 
Weight Water! | nie | MP Rig Nagas 7 aa 
(g) wo | "a l | 
| (%) | () | (%) | (mg) 
| | 
As-received coal 
¥ | eee in thes | is. ea 
Original coal | 50.0 30.3 | 34.9 | 12.4 4.33 0.017 0.74 
First extract | — — | 5.6 53.0 2.96 | - | 0.18 
Second extract | - — 0.6 62.1 0.37 | = | 0.06 
Extracted coal | 35.3 16.7 | 29.4 | 6.0 1.77 0.027 | 0.48 
Sou Rela & 2 i | _ 
—20 mesh 
Original coal | 50.0 13.0 43.5 | 15.5 6.71 0.0175 1.18 
First extract -— ;— 6.8 45.6 3.08 | . 0.16 
Second extract | - : 1.2 38.6 | 0.45 0.13 
Extracted coal | 37.3 0.2 37.2 | 4.3 | 1.60 | 0.0230 0.37 
| | 





1 Dried for 2 hours at 105° C. 
? Ashed at 800° C to constant weight. 


TABLE 7 


EXTRACTION OF AS-RECEIVED AND —20-MESH COAL FROM THE RED DESERT 
BY 6 N HypROCHLORIC ACID 








| (%) (g) (%) | (mg) 


| Dev Ash in dry sample Uranium in dry ash 
ar was sample |—— so Sie tiatcinis 
e | (g) . | 

| | 








Original coal 50.0 14.8 | 42.6 | 14.0 | 5.95 | 0.0140 0.83 
First extract _— _— | 7.0 |} 41.0 | 28 | a 0.42 
Second extract -- -- 15 | 384 | 0.56 — | 0.10 
Extracted coal 36.1 C6 | SA “| 8 tT i 0.0076 | 0.13 
ae Yes bf ign) ol | a | 
—20-mesh coal 

Original coal! 50.0 10.7 44.6 12.0 5.37 | 0.0164 0.88 

50.0 10.2 44.8 11,7 5.26 0.0167 0.88 
First extract ~- - 8.1 38.8 3.14 | — 0.51 

-- oo 8.2 39.7 3.24 — 0.51 
Second extract — — 1.3 30.3 0.38 -- 0.13 

_ —_ 1.0 31.3 0.36 | -= 0.11 
Extracted coal 38.7 0.7 38.4 4.4 1.68 0.0053 0.09 

39.1 0.6 38.8 4.3 1.66 0.0061 0.10 




















1 Duplicate experiments. 
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TABLE 8 
EXTRACTION OF URANIUM FROM COAL FROM THE RED DESERT! 


Uranium extracted by hydrochloric acid 


1N 6N 

(%) %) 
Coal, as received 35.1 84.4 
Coal, —20 mesh 68.6 89.9, 88.7 


1 Perce 7 ° . — Pa ° ° 
Percent of mg of uranium in original coal — mg of uranium in extracted coal x 100 
uranium = ————_— ae ; 
extracted mg of uranium in original coal 








After the second treatment with acid, the residue was washed with fresh acid 
of the proper normality and then oven dried at 105° C. 

Samples of the original and extracted coal were analyzed for percent ash 
and percent uranium in the ash (4), analyses being calculated on the dry 
basis. The two extracts were also analyzed to obtain data for material- 
balance calculations. The data for the experiments are shown in Tables 6 
and 7 and are summarized in Table 8. Semiquantitative spectrographic an- 
alyses of the ashes from the original coal, from the extracted coal, and from 
the extracts are shown in Table 9. 

Fischer assays to determine yields of tar and char were carried out on the 
coal following two batch extractions by 6 N hydrochloric acid. The estab- 
lished Fischer assay technique was followed in order to obtain yields for 
comparison with those from other coals (11). Data from this work are 
shown in Table 10. 


TABLE 9 


SEMIQUANTITATIVE SPECTROGRAPHIC ANALYSES OF THE ASHES FROM THE ORIGINAL —20-MESH 
SUBBITUMINOUS COAL, FROM THE EXTRACTS OBTAINED FROM IT By USE OF 
6 N HypROcHLORIC ACID, AND FROM THE EXTRACTED COAL 12 
























































| eat > ap pa a ia » has of 
| More 
than | 1-10% | 0.1-1.0% 0.01-0.1% 0.001-0.01% 0.001% 
| 10% 001° 
Original coal Al Si Mg Ca} Fe Na B Mn PbSr Ti |Ga Zn V Y Ag 
Ni Ce Co Ba|Yb Sc Be 
Nd Cu Mo Cr 
La 
First extract | AlMg]|Ca Fe |Si Ce Na | Ni Ti Nd La | Zn Mo Pb Be | Ag 
B MnSr |Co ¥ Ba Cr|Sec Ga Yb 
ti)» Goll 
| | 
oa ; a _—|——$ | _—___}___ 
Second extract Al Mg Fe | Na Ga Ti | Pb Sr MnCr Y V_ Sn Ga | Yb Be Ag 
| Si Ca|B Cu Ce Mo Ni | Sc 
Nd Zn Co La |} 
Extracted coal | Si Al K3 Fe Ca Mg! Ti Ga Ba Ni |Sr Pb Cu Mo| Yb Be 
| Na B eg MnV Ag Y 





1 Analysts: Charles Annell and Mona Frank, U. S. Geological Survey. 
2 Method of Waring and Annell (12). 
3 The lower limit for the detection of potassium by the analytical procedure used is 1 percent. 
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TABLE 10 


YIELDS OF TAR AND CHAR FROM THE COAL FROM THE RED DESERT BEFORE AND AFTER 
EXTRACTION BY 6 N HypROCHLORIC ACID 
































Original coal Extracted coal 
rs : rae | s ait ie a 
| As received m.a.f.! As received m.a.f.! 
Tar (percent) 5.3 6.8 5.7 6.0 
(gals/ton) 13.0 16.7 14.4 15.2 
Char (percent) 43.8 57.0 46.0 48.6 
(Ibs /ton) 876 | 1,140 920 | 972 








1 Moisture- and ash-free basis. 


The extractability of the uranium from the char obtained from the Fischer 
assay of the original subbituminous coal was determined by extraction with 
6 N hydrochloric acid using the procedure already described. The avail- 
ability of only 40 g of sample for this work dictated the use of 400 ml of acid 
to maintain the acid-sample ratio of 10 ml/gram that had been used in pre- 
vious experiments. Data from this work are shown in Table 11. 


INTRODUCTION OF URANIUM INTO THE COAL 


In an unpublished report based on extensive field work, Denson and his 
coworkers of the U. S. Geological Survey proposed that uranium had been 
introduced into a lignite by ground-water action. As a result of subsequent 


TABLE 11 


EXTRACTION OF URANIUM FROM THE CHAR OBTAINED WHEN COAL FROM THE 
Rep DESERT IS RETORTED 








33.8 8.2 


ie 
| —_ Ash in dry sample Uranium in dry ash 
Weight | Water | amate as ees. Bak Se 
® | wm | “a 2 re 
| (%) (g) (%) | (mg) 
Original char 40.0 | 0.5 8..1)- 43 7.40 | 0.0165 1.22 
Extracted char 35.7 5.4 2.77 | 0.0206 0.57 








laboratory investigations of the same uraniferous lignite (2), it was suggested 
that uranium entered the coal zone in percolating ground water containing 
uranium in the form of soluble alkaline or alkaline-earth uranyl carbonates. 
Such a carbonate, the mineral schroeckingerite, Ca, Na[UO,(CO,),(SO,)F] 
10H,O, occurs at Sweetwater County, Wyo., near the subbituminous coal 
discussed in this report (5). The presence of schroeckingerite may indicate 
that uranium traveled in ground water in the form of a.complex uranyl car- 
bonate, as suggested above. In acid environment, below a pH of 4.5, such 
complexes decompose with resultant evolution of carbon dioxide and release 
of the uranyl ion (UO,**), which is then available for the formation in coal 
of ionic uranyl-organic compounds. Such compounds are insoluble above a 
pH of about 2.2. The lignite from the Mendenhall strip mine of South 
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Dakota has a pH of about 2.7 (2); the subbituminous coal from the Luman 
No. 1 bed has a pH of about 3.3. Both these coals provide the proper acidic 
environment for the decomposition of soluble alkaline or alkaline-earth uranyl 
carbonates. Preliminary characterization of concentrates of the organo- 
uranium compounds from the two coals has shown that they are chemically 
similar and probably humic in nature. 

The absence of appreciable accumulations of schroeckingerite or similar 
soluble uranyl carbonates such as andersonite, swartzite, or bayleyite in the 
immediate vicinity of the uraniferous lignite from South Dakota may result 
from local environmental conditions which are not conducive to the concen- 
tration of such highly mobile and pH-sensitive compounds. There is some 
evidence for this in that the ground water in the vicinity of the lignites is 
abnormally uraniferous. The occurrence of schroeckingerite in Sweetwater 
County, Wyo., lends weight to the hypothesis that has been suggested abave 
for the introduction of uranium into the two coals. 


DISCUSSION 


The separable minerals from the Luman No. 1 coal account for only about 
half the ash content of the coal. The remaining ash must come from non- 
separable minerals, from inherent ash that is derived from the original plant 
material, and from ash-forming elements—mostly metallic. 

The presence of kaolinite, quartz, and calcite is not uncommon in coal 
(10). However, the presence of gypsum and limonite and the absence of 
pyrite show that this sample of coal has been subjected to weathering and 
oxidation. 

Minerals isolated mechanically from the Luman No. 1 coal contain only 
0.0006 percent uranium and account for only 2 percent of the uranium of the 
dry coal. As it has been estimated that igneous rocks contain 0.0004 percent 
uranium (8) and as sediments probably contain approximately the same con- 
tent of uranium (1), the minerals isolated from the coal from the Red Desert 
exhibit no appreciable enrichment of uranium. The uranium in the coal, 
therefore, is associated with the organic components of the coal. A similar 
association has already been demonstrated for the lignite from Harding 
County, S. Dak. (2). 

Retort assays of the coal from the Red Desert have shown that its yield 
of tar is not as high as that obtained from the Sandow lignite, which is cur- 
rently used commercially. The yields of tar and char from the Red Desert 
coal, however, may be sufficiently high to give the coal commercial value for 
purposes other than as a fuel. As it is known that weathering of coal de- 
creases the yield of tar, unweathered coal from the Red Desert, if available 
and minable, would be expected to yield more tar. 

Material balances for ash and uranium, using the data of Tables 6 and 7, 
range from 56 to 95 percent recovery of uranium and are not consistently 
good. Sampling difficulties caused by the tendency of sediment to separate 
from the extracts on standing led to poor duplicate analyses. As the most 
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reliable analyses are those of the original and of the extracted coal, these 
have been used for calculation of the data shown in Table 8. 

Although hydrochloric acid has been used in past work (2) and in these 
studies of the Luman No. 1 coal, it is possible that any highly ionized acid 
will serve as an effective extracting agent. Hydrochloric acid was chosen 
because it can be handled easily in laboratory operations and especially be- 
cause it forms an azeotrope of convenient composition. 

The experiments, which have been summarized in accompanying tables, 
show the following effects of acid concentration and particle size on the 
extractability of uranium from the Luman No. 1 coal: 

(A) Treatment of the as-received coal with 1 N hydrochloric acid re- 
sulted in the extraction of only 35 percent of the uranium. When as-received 
lignite from South Dakota was similarly treated, 75 percent of its uranium 
was extracted. 

(B) Treatment of the — 20-mesh subbituminous coal from Wyoming 
with 1 N hydrochloric acid led to the extraction of 70 percent of the uranium. 
Use of 6 N hydrochloric acid resulted in the recovery of 84 percent of the 
uranium. It is apparent from Table 8 that when 6 N acid is used the ex- 
traction of uranium is not only very high, but also nearly independent of 
particle size within the range tested. 

Extraction of uranium from a subbituminous coal is somewhat more dif- 
ficult than from a lignite. However, if 6 N rather than 1 N acid were used 
under conditions of continuous extraction, complete extraction of the uranium 
from the coal of higher rank could be expected. Among the factors that 
have been considered in attempting to explain the need for 6 N acid is the 
fact that increase in rank of coal from lignite to subbituminous may result 
in partial polymerization or condensation of organic substances responsible 
for the retention of the uranium in the coal (2). If the increased molecular 
weight of the organo-uranium compound is an important factor, then 6 N 
acid may be required to dissolve the compound. 

Extraction of the uranium by the batch technique using 6 N acid is ac- 
companied by the solution and removal of approximately 70 percent of the 
inorganic components of the coal. Recovery of uranium, therefore, is ef- 
fected simultaneously with an upgrading of the coal. If the extraction were 
to be carried out in a continuous process, the recovery of uranium would 
probably approach 100 percent, and the ash content of the residual coal would 
be further reduced. 

The solid extract recovered on evaporation of the hydrochloric acid con- 
tains uranium in a concentration approximately three times that in the original 
coal; the ash from the acid extraction contains a tenfold increase in the con- 
centration of uranium over that in the original coal. Although it is difficult 
to draw any conclusions on the basis of the semiquantitative data of Table 9, 
extraction of the coal may have led to the concentration of manganese, cerium, 
and vanadium together with uranium. 

The yields of tar and char shown in Table 10 are based on a standard 
technique. These data can be compared with recently published information 
for the yields of char and tar from other low-rank coals (7). The data in- 
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dicate a drop of 11.8 percent of the yield of tar (moisture- arid ash-free basis) 
as a result of extraction. This decreased yield, for the most part, is prob- 
ably a reflection of the amount of organic material of lower molecular weight 
that is extracted by the acid. The decrease in yield of char (moisture- and 
ash-free basis) is of the same order of magnitude (14.9 percent). 

Whereas extraction of — 20-mesh Luman No. 1 coal by 6 N hydrochloric 
acid leads to the removal of nearly 90 percent of the uranium, similar treat- 
ment of the char from this coal (Table 11) results in the solution of only 53 
percent of the uranium. When the coal is retorted, therefore, the uranium 
becomes less soluble in 6N hydrochloric acid. In view of the possibility that 
uranium is probably carried into the coal in ground water, and in view of 
the fact that most uraniferous coal is weathered and partly oxidized, it has 
been considered likely that the uranium is present in the coal in the form of 
uranyl (UO,**) ion. A possible explanation for the decreased solubility of 
the uranium in the char following retorting of the coal is that the uranyl ion 
might be partly reduced during retorting to uranium dioxide, which is dif- 
ficultly soluble in 6 N hydrochloric acid. 


CONCLUSIONS 


Uranium is similarly distributed between the organic and mineral com- 
ponents of the subbituminous coal from Wyoming and the lignite from South 
Dakota. There is no indication that uranium was introduced into or retained 
by the two coals by appreciably different geochemical processes. Apart from 
making the extractability of uranium from the coal more difficult, increase 
in rank from lignite to subbituminous has apparently not been a factor in the 
geochemical process of uranium fixation. Neither can differences in ages 
between these two coals (lignite, Paleocene; subbituminous coal, Eocene) be 
related to any specific geochemical considerations. 

Schopf (9), in his petrographic studies of the lignite from South Dakota, 
failed to disclose any component or group of components that are directly 
correlated to uranium in the coal but showed that the coal layers with highest 
uranium content also contain an abundance of highly degraded materials. 
These petrographic observations and preliminary chemical data on the or- 
gano-uranium extracts indicate that uranium is associated with the humic 
components of the coal. 


U. S. GroLocicaL SuRVEY, 
WasuHIncrTon, D. C., 
May 5, 1955 
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ABSTRACT 


The Harts Range-Plenty River mica field has for many years been 
Australia’s only significant source of commercial muscovite. The yearly 
production is a little more than thirty tons of trimmed block mica. 

The mica-bearing pegmatites are mostly confined to two formations of 
mica-rich gneiss; their composition is related to the nature of the meta- 
somatic metamorphism of the enclosing rocks. The commonly occurring 
forms are dikes, flat-lying joint fillings, pipe-like bodies, and multiple con- 

1 Published by permission of the Director, Bureau of Mineral Resources, Geology and 
Geophysics. 
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trolled pegmatites. The dikes are the most reliable sources of commer- 
cial muscovite. Most of the mica-bearing pegmatites are in faults or 
joints, the attitude of which conforms with the regional fracture pattern, 
and are discordant against the foliation and bedding of the country rocks. 

The pegmatites are fine-grained granitic, coarse-grained, or graphic. 
The coarse-grained pegmatites are generally zoned mineralogically. Com- 
mercial sheet muscovite is in many occurrences restricted to a particular 
zone or to the contact between two zones. Fracture fillings and replace- 
ment units are rare. The main constituents of the pegmatites are quartz, 
perthitic microcline, plagioclase, and muscovite. The sum total of the 
various types of albite intergrowths in the perthitic microcline does not 
vary appreciably from place to place. Pegmatites that contain abundant 
potash feldspar are characterized by fairly acidic plagioclase. The soda- 
rich pegmatites contain more basic plagioclase. 

The muscovite from the Harts Range pegmatites is of high quality, but 
structural imperfections, staining, intergrowths, and inclusions of other 
minerals are common. The quality of the muscovite is generally related 
to its distribution in the containing pegmatite. 

A summary of mica occurrence and quality is included to assist mica 
prospectors. 


INTRODUCTION 


Most mica mines of the field discussed in this paper are on the northern and 
eastern margins of the Harts Range and on the northeastern side of the Plenty 
River, northeast of the Harts Range. The center of the Plenty River mica 
field is 38 miles east-northeast of the Harts Range Mica Depot, which in turn 
is 120 miles by road, and 80 miles by air, northeast of Alice Springs (Fig. 1). 

The group of mines of which the Last Chance is the most important, to- 
gether with all mines northeast of the Plenty River, are in flat country and are 
easily accessible by motor vehicle. Many of the other mines, however, are 
not so accessible. For example, three of the largest mines on the field, the 
Oolgarinna, Billy Hughes, and Disputed, are high up on the slopes of Mt. 
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Palmer, approximately 800 feet above the level of the surrounding desert 
plains, and are reached by camel pad from their base camps. Because of the 
scarcity of well-trained camels, the miners themselves carry a large proportion 
of the necessary tools, explosives, and provisions to the workings. 


HISTORY AND PRODUCTION 


The Harts Range-Plenty River mica field was discovered about 1855. 
Companies have played only a minor part in the development of the area, and 
most work has been carried out by syndicates of between two to ten men, who 
have shared the profits. An attempt by the Government Allied Works Coun- 
cil to systematize the mining of strategic mica during the last World War 
ended in a costly failure; the output of mica that resulted was not as great as 
that for corresponding periods before and after Government control. 

In recent years the mica mining industry has been fairly healthy, partty 
because of the stabilization of mica prices under Government control, and 
partly because of the after-effect of the valuable work done by the Allied 
Works Council in road-building and water supplies. Some recession took 
place during 1951 because of the attraction of labor to the wolfram fields of 
the Northern Territory ; the uranium boom has caused a similar labor shortage 
in the past two years. In 1953 the purchase of Grade 5 mica (commercial 
clear and stained) was restricted, and the purchase of Grade 6 mica was dis- 
continued. This change of policy is reflected in a rise in the average value 
per pound of mica purchased. 

The present average annual production is of the order of 30 tons of cut 
block mica per year. In 1954, 37.6 tons valued at £A 114,191 were sold to 


the Commonwealth Mica Pool, which buys the entire mica output from the 
field. 


GEOLOGY OF THE MICA-BEARING PEGMATITES 
Distribution in the Archaeozoic Rocks 


Pegmatites occur throughout the formations of the Harts Range Group 
(5). The granodiorite in the Entia Dome (Fig. 2), the Entia gneiss, and 
the Bruna gneiss, contain mainly pegmatites in which potash feldspar occurs 
practically to the exclusion of plagioclase feldspar, and in which mica is not 
plentiful. 

Most mica-bearing pegmatites of the Harts Range are confined to the mica- 
rich schist and gneiss of the Irindina and Brady formations. Portions of these 
formations form a “mica belt” that is more than 60 miles long and ranges in 
width from two to eight miles. Although mica-bearing pegmaties occur in 
the flatly foliated areas of Irindina gneiss in the central portion of the Harts 
Range, the concentration of pegmatites is far greater along the northern and 
eastern margins of the range. 

Some of the most important mica deposits of the field are in a belt of in- 
tensely pegmatitized Irindina gneiss that contains the Benstead, Spotted Tiger, 
Kismet, Oolgarinna, Billy Hughes, Disputed, Spotted Dog and Caruso mines. 
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Valuable mica has been won from many other pegmatite prospects in the same 
country rock. 

The belt of Irindina gneiss that trends around the northern and eastern 
margins of the Entia Dome contains numerous pegmatites, some of which 
have yielded commercial mica; examples include the Last Hope and Last 
Chance pegmatites. 

The micaceous gneiss of the Brady formation, which trends around the 
Entia Dome concordantly with the Irindina gneiss, contains some rich mica- 
bearing pegmatites of relatively small size. In the area surrounding the Cen- 
tral mine are dozens of abandoned prospects from all of which commercial 
mica in low concentration was won from near the surface. 

The country rock in the Plenty River ‘mining field is garnet-mica-feldspar 
gneiss that is similar to the Brady gneiss in composition and appearance. The 
pegmatites generally withstand weathering much longer than this country 
rock, and are distributed over the plains as isolated outcrops. 

The Harts Range pegmatites are probably partly magmatic and partly 
metasomatic. Their formation was a phase of the regional ultra-metamorphism 
of the rocks of the Harts Range group. Other phases were granitization, 
petroblastesis, and migmatization. As each of these metasomatic phases is 
associated with the predominant activity of one particular ion, or group of 
ions, the pegmatites formed in connection with each phase should be charac- 
terized by a predominating proportion of the same ion or group of ions, gen- 
erally either the sodium or the potassium ion. 

The granitization of the Entia gneiss, for example, involved intense meta- 
somatic activity of the potassium ion; the pegmatites in the Entia gneiss there- 
fore contain potash feldspar to the exclusion of plagioclase. Petroblastesis in 
the Bruna gneiss, in contrast, was intermediate between granitization and 
pegmatite formation. Few pegmatites crystallized as such, but where this type 
of consolidation did take place, potash feldspar was formed. Soda predomi- 
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nated in the migmatization of the Brady and Irindina gneisses. The peg- 
matites in the rocks of these formations are generally sodic. 


Structural Features 


Form and Size.—Four types of mica-bearing pegmatites have thus far been 
recognized in the Harts Range: 


(a) Dikes. 

(b) Flat-lying joint fillings. 

(c) Pipe-like deposits. 

(d) Multiple-controlled deposits. 


Dikes occupy fault planes, shears, or steeply inclined major joint planes. 
They constitute the majority of the mica-bearing pegmatites, and are the most 
amenable to systematic mining. Their length ranges from less than 100 feet 
to 1,000 feet, and their thickness from 2 feet to 60 feet. Fourteen of the nine- 
teen mica deposits mapped occur in pegmatites of this type. 

The hangingwall of the dikes is commonly flat, whereas the curving foot- 
wall controls the thickness of the pegmatite (e.g., Spotted Tiger pegmatite, 
Fig. 3). The keel is generally irregular, and may steepen sharply after plung- 
ing gently over a considerable distance (e.g., Billy Hughes pegmatite, Fig. 4). 

The best methods of measuring the overall plunge of a dike are to construct 
isopach contours of at least a portion of it, and to study the attitudes of cores 
and of incomplete zones within the pegmatite. Lineation is rarely an indica- 
tion of the plunge of the Harts Range pegmatites. The regional a-lineation 
is not related to the fracture pattern in a localized area. The b-lineation of 
minor folds generally plunges at an angle to the plunge of discordant pegmatite 
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bodies. The plunge of the intersection of the controlling fissure with the 
bedding does not influence the plunge of the pegmatites to any marked extent. 
No evidence was discovered to indicate that the emplacement of a large peg- 
matite occurs by the selective replacement of any particular beds, but where 
foliation is very pronounced in the country rock, the intersection of the foli- 
ation with the containing fissure may exert structural control over the plunge 
of at least some part of the pegmatite. 

Flat-lying joint fillings are rare, but some of the field’s best mica has been 
mined from such deposits. The flat-lying pegmatites appear to have been fed 
from vertical shears or joints, now filled with relatively barren pegmatite. 
Reefs of the flat joint type have approximately the same dimensions as the 
fissure veins, and the chief difference between them is in the method of mining. 
The only extensive workings in flat-lying joint fillings are those of the Rex 
mine. : 

Pipe-like pegmatites are irregular, difficult to mine, and are generally un- 
reliable sources of mica. Their average diameter is less than 70 feet. Their 
plunge is steep, in some mines nearly vertical. Contractions and expansions 
occur down-plunge, but the available evidence suggests that pegmatites of this 
type do not persist to great depth. The Benstead pegmatite is an offshoot 
from an irregular quartz-feldspar mass. Its shape resembles that of a flat- 
tened pipe. The longer axis of the elliptical cross-section strikes at N 10° W; 
the axis of the pegmatite plunges parallel to its westerly dip at 40°. The 
Oolgarinna pegmatite is probably roughly circular in cross-section and plunges 
steeply. 

Multiple-controlled pegmatites are very difficult to mine. The attitude of 
some portions is controlled by bedding or foliation planes in the country rock, 
of others by joints or by faults. The Caruso and Oolgarinna pegmatites are 
not controlled by any obvious single structural feature. The Oolgarinna peg- 
matite is contained partly by bedding planes, and partly by three sets of shear 
planes. The Caruso pegmatite is controlled by flat joint planes striking east, 
and by steeply-dipping shear planes that strike northwest. Pegmatites of this 
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type rarely can be said to be “worked out,” as their full extent is difficult to 
determine in the course of mining operations. 

Attitude.—The fractures in which most pegmatites are contained are re- 
lated to the local structure of the country rocks ; collectively they can be divided 
into groups that are related to the regional structure. 

The Spotted Tiger, Billy Hughes, and Disputed pegmatites were emplaced 
in a group of parallel shears, the attitude of which corresponds to that of a 
regionally distributed set of tear faults. 

The Last Chance pegmatites are in fractures that are parallel to an exten- 
sive joint system that is developed uniformly and prominently throughout the 
southeastern portion of the Entia Basin. Many of these joints are pegmatite- 
filled, but only those in the Irindina gneiss contain commercial deposits of 
muscovite. 

The flat-lying joint that contains the Rex pegmatite is oriented parallel to 
similar structures that contain portions of the Central and Caruso pegmatites. 
This set of joints is probably not developed on a regional scale. 

The steeply-dipping Eastern Chief and Eldorado fissures strike approxi- 
mately at right angles to each other. Numerous joints with similar attitudes 
fracture the rocks of the Irindina and Brady formations in the area west of 
the Entia Dome. 

The structural controls of the pegmatites in the Plenty River mica field 
cannot be related to the fracture pattern of the country rock because of the 
paucity of outcrops, but the containing fractures can be classified in the re- 
gional structural synthesis. 

The strikes of the mica-bearing pegmatites that were mapped can be ar- 
ranged in several groups: 


(a) Average 95°-100° (dip steep): Spotted Tiger, Billy Hughes, Dis- 
puted, Oolgarinna (in part), Dinkum (new mine), Caruso (in 
part). 

(b) Average 140°-150° (dip steep): Last Chance, Delma South, Eldo- 
rado, Dinkum (old mine). 

(c) Ranging from 50° to 70° (dip generally steep south) : Eastern Chief, 
Oolgarinna (in part), Delma North. 

(d) About 180° (dip steep): Desperate, Oolgarinna (in part), Black- 
fellows Bones, Benstead, Paulina, Turkey, Marenga. 

(e) Average 90° (dipping flat north): Rex, Central (in part), Caruso 
(in part). 


The strikes are in this way arranged in two systems of approximately comple- 
mentary sets. The system of joints with approximately east-northeasterly 
and north-northwesterly strikes could be interpreted as a system of shear frac- 
tures formed by compression from the south-southwest, or parallel to the direc- 
tion of regional thrusting against the southern limb of the Harts Range anti- 
cline (5). The system of joints with approximately northerly and easterly 
strikes could be interpreted as a system of tensional strike and dip joints con- 
nected with the regional folding, as a system of tensional joints connected with 
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stress relief after the regional thrusting, or as a system of complementary sets 
of shears parallel to the regionally distributed sets of tear faults. 

Discordant and Concordant Pegmatites—Most of the pegmatites that con- 
tain commercial deposits of muscovite transgress the foliation of the host rock. 
Large pegmatites generally send small offshoots along foliation planes, or 
parallel to the local foliation along portions of the hangingwall or footwall. 
For example, the hangingwall of the Spotted Tiger pegmatite is, to all intents, 
controlled by a near-vertical shear, but portions of it parallel small folds in 
the adjacent country rock. The flatly-dipping pegmatites at the Rex Mine 
branch off in many places along the nearly vertical foliation of the surrounding 
garnet-mica gneiss. The structure of the irregular Central and Oolgarinna 
pegmatites is partly controlled by the foliation planes of the folded host rocks. 

The borders of most pegmatites are parallel to the foliation of the wall 
rocks within approximately 10 inches of the contacts. No matter at what 
angle the foliation planes of the wall rock are inclined to the walls of the peg- 
matite, they swing sharply into parallelism close to the contact. This obser- 
vation tallies with those of Cameron, Jahns, McNair, and Page (2), who 
noted that a “secondary” foliation is in many cases induced in schists along 
their contacts with pegmatites. This structure is probably due to the forcible 
expansion of the growing pegmatite; the direction in which the foliation 
planes accommodate themselves to the walls of the pegmatite is determined 
by the incipient or actual movement along the containing fissure. 

Concordant pegmatites are generally not mica-bearing. The Brady gneiss 
contains numerous pegmatites of this type. They rarely attain the dimensions 
of even the smaller discordant pegmatites, occur as rather small discrete lenses 
in the foliation planes of the gneiss, and may have been formed by differential 
anatexis of the country rocks. Their constituent minerals are identical with 
those of the host rocks. 

As a general rule, more structural control is exerted on pegmatites by the 
foliation planes of incompetent rocks than by those of competent rocks. In- 
competent rocks yield by flow folding and shear folding; their foliation planes 
easily become planes of movement and therefore serve as structural traps in 
the event of pegmatite formation. Competent rocks yield rather by fracture 
along planes of shear jointing and faulting, which are commonly inclined at 
high angles to the foliation planes. 


Internal Features of the Pegmatites 


Texture.—The Harts Range pegmatites can be subdivided on the basis of 
texture into relatively fine-grained granitic, coarse-grained, and graphic peg- 
matites. For convenience in field work, the following arbitrary standards of 
“coarse,” “medium,” and “fine” grain size were adopted in describing pegma- 


tites or portions of them: 
coarse: average grain size greater than 4 inches. 
medium: average grain size less than 4 inches, greater than 1 inch. 
fine: average grain size less than 1 inch. 
Fine-grained granitic pegmatites are the most common textural variety. 
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They consist of microcline, albite-oligoclase, muscovite, biotite, quartz, and 
commonly garnet. Although their muscovite content may be considerable, the 
books of mica are of insufficient size to warrant mining. Fine-grained pegma- 
tites occur either as concordant lenses, such as the possibly anatectic pegmatites 
in the Brady gneiss, or as large discordant reefs localized in the same struc- 
tures as the coarse-grained commercial muscovite-bearing pegmatites; in the 
latter case, the two types of pegmatites occur in close association. 

Commonly a barren, fine-grained pegmatite is replaced along its strike by 
a coarse-grained rock containing commercial muscovite. West of the Eastern 
Chief mine, for example, numerous discordant fine-grained pegmatites are cut 
and replaced by coarse-grained pegmatite rich in potash feldspar. The same 
structure was noted in pegmatites in Bruna gneiss at the mouth of Entia Creek, 
but this age relationship between the two varieties of pegmatite is not an in- 
flexible rule; for example, the mica-bearing Disputed pegmatite is partly -re- 
placed by two barren, fine-grained pegmatites that strike at right angles to it 
and are terminated by the shear which contains the Disputed pegmatite. 

Only coarse-grained pegmatites contain commercial deposits of muscovite. 
They consist mainly of perthitic microcline, albite-oligoclase, quartz, and mus- 
covite ; common accessory constituents are garnet, tourmaline, beryl and bio- 
tite. Perthitic microcline crystals commonly are as much as several feet in 
diameter. Muscovite books measuring over four feet in diameter, and three 
to four feet thick, have been mined from several pegmatites. Beryl crystals 
as much as 12 inches in diameter, and tourmaline crystals of considerably 
greater dimensions, occur in several pegmatites. 

Coarse-grained pegmatites are generally discordant. 

Graphic pegmatites include some of the largest reefs in the Harts Range. 
The Painted Canyon pegmatite, with an outcrop length of more than 114 miles 
and a width of 600 feet, consists mainly of fairly fine-grained graphic peg- 
matite. Throughout this graphic pegmatite are scattered masses of coarse- 
grained quartz and feldspar, measuring approximately 3 by 8 feet. The feld- 
spar in both textural varieties is white perthitic microcline. In the coarse- 
grained lenses, the feldspar crystals are cut by irregular masses of gray quartz 
which themselves contain subhedral perthite crystals. The Painted Canyon 
pegmatite contains very little muscovite. Biotite in strip form is common 
near the contacts between the coarse-grained and graphic phases. 

Many of the pegmatites that contain commercial deposits of muscovite 
also contain zones of graphic pegmatite, or quartz and graphic pegmatite may 
together form a large central “blow,” from which tabular veins of commercial 
grade extend outward (e.g. Desperate pegmatite). 

Zoning.—Most Harts Range pegmatites are zoned mineralogically. The 
zones are arranged concentrically about a central zone or core, generally of 
quartz. Commercial sheet muscovite is in many occurrences restricted to 
a particular zone or to the contact between two zones; hence the reconstruc- 
tion of the zoning system of a pegmatite is of considerable economic importance. 

Cameron et al. (2), in their review of North American pegmatites, dis- 
tinguished between four types of zones: border zones, wall zones, intermediate 
zones, and cores. Intermediate zones commonly are absent from the Harts 
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Range pegmatites ; the other three zones generally are present where commer- 
cial muscovite deposits are mined. The zoning systems of some pegmatites 
from the Harts Range-Plenty River area are summarized in Table 1. 

Border zones are relatively fine-grained zones that are developed along 
the contact between the pegmatite and the host rock. Although in most cases 
the border zone is an even-grained mixture of pegmatitic minerals that resem- 
bles a chilled margin, some border zones grade into the country rock. In such 
cases, some reaction, probably metasomatic exchange between the pegmatite 
and the host rock, must have occurred. For example, the Rex pegmatite is 
in most places bordered by a narrow selvage of graphic pegmatite with very 
sharp contacts against the country-rock gneiss. In others the place of the 
graphic pegmatite is taken by a very fine-grained mixture of muscovite, quartz, 
and garnet, which grades into the host rock over a distance of 12 inches; this 
mineral assemblage is the result of replacement and assimilation of the country 
rock by pegmatitic material. 

The border zones of most Harts Range pegmatites consist of fine-grained 
quartz-muscovite aggregates (e.g., Spotted Tiger, Desperate, Benstead peg- 
matites). In others, the border zone is a fine-grained aggregate of the same 
minerals that constitute the wall zone—quartz, mica, and albite-oligoclase 
(e.g., Billy Hughes, Disputed pegmatites). Graphic pegmatite rarely occurs 
in border zones (e.g., Rex, Blackfellows Bones pegmatites). In the case of 
the Eastern Chief pegmatite, the muscovite crystals of the quartz-muscovite 
border zone are perfect euhedra. 

Wall zones of the Harts Range pegmatites are important economically, as 
they commonly contain commercial deposits of muscovite. The thickness of 
wall zones varies considerably. Where intermediate zones are not developed, 
the wall zone occupies practically the whole width of the pegmatite between 
the contact with the host rock and the quartz core (e.g., Billy Hughes peg- 
matite). In mining operations the wall zone is stripped to its outer margin, 
and the border zone is left to support the hangingwall. 

The contact between the wall zones and the border zones is generally sharp, 
but in some instances the two zones interfinger ; narrow, wedge-shaped aggre- 
gates of fine-grained quartz and muscovite penetrate the wall zone from its 
outer margin. This structure is particularly well developed in the Benstead 
mine and is probably related to the formation of tensional fractures in the 
rock of the wall zone, perpendicular to the margins of the pegmatite. Quartz- 
and muscovite-forming material penetrates along these fractures, and replaces 
the rock that forms the walls of the fractures. 

The most common minerals of the wall zone are oligoclase-albite, quartz, 
and muscovite. Tourmaline is the characteristic accessory mineral. The 
grain-size is generally medium to coarse. The coarser the grain-size, the 
better is the recovery of mica from the wall zone. 

Where a pegmatite pinches and swells at right angles to its plunge, the 
width of the border zone is not affected, but the wall zone expands and pinches 
in accordance with the walls of the pegmatite. Further, the thickness of a 
wall zone along the footwall may differ considerably from the corresponding 
thickness along the hangingwall. In most Harts Range pegmatites the hang- 
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ingwall wall zone is thicker than the footwall wall zone. . The mica content 
of the pegmatite is correspondingly higher on the hangingwall side of the core 
and, consequently, the Harts Range mica mining area is known as a “hanging- 
wall field.” 

Contrary to general experience, the plagioclase of the wall zones of Harts 
Range pegmatites is a little more basic than that of the border zones. In many 
pegmatites, therefore, the border zone may not be a chilled margin in the true 
sense of the term, but instead may be partly a fracture filling and partly a re- 
placement unit developed along the zones of potential movement which must 
border every pegmatite. 

Intermediate zones include all pegmatite rock between the core and the 
wall zones. Intermediate zones are generally of more variable thickness and 
composition than wall zones. In some cases in the Harts Range pegmatites, 
an inconstant intermediate zone occurs in a pegmatite as a series of discrete 
pods, which has the appearance of a discontinuous core, but more generally the 
intermediate zones partly envelop or form thick “hoods” over a true core. 

Most of the variations in thickness of well-zoned pegmatites are due to 
fluctuations in the width of the intermediate zones and of the core. Where 
the Spotted Tiger pegmatite attains its maximum width, it contains at least 
three intermediate zones. Where it is narrow, near its crest and keel, the 
intermediate zones either disappear entirely or amalgamate with the wall zone 
to form a composite zone that contains roughly equal proportions of micro- 
perthitic microcline and plagioclase. 

The most common mineral of intermediate zones is blocky microcline, re- 
placed to varying extents by albite. In most Harts Range pegmatites the main 
intermediate zone is monomineralic ; quartz is entirely absent. In some places 
(e.g., Disputed pegmatite) beryl is an important accessory mineral of the inter- 
mediate zones. 

Where more than one intermediate zone is developed, blocky perthitic 
microcline forms the inner intermediate zone, adjacent to the core. Outer 
intermediate zones may consist of graphic pegmatite, of fine-grained quartz, 
feldspar, and mica with or without garnet, or of medium-grained aggregates 
of perthitic microcline, plagioclase, quartz, and muscovite. The first three of 
these assemblages are developed in the Spotted Tiger pegmatite in areas where 
“bulging” of the footwall permits the maximum expansion of the pegmatite. 

Combinations of potash and soda feldspars with quartz and muscovite are 
common in three types of zoning systems: 

(1) Where the outer intermediate zone, consisting of these four minerals, 
represents a gradation between the monomineralic inner intermediate zone and 
the wall zone (e.g., Spotted Tiger pegmatite). 

(2) Where the wall zone and intermediate zone are amalgamated, either 
due to a narrowing of the pegmatite or to the entire absence of discrete wall 
and intermediate zones (e.g., Eastern Chief pegmatite). 

(3) Where a zone consisting of both types of feldspar, quartz, and mica 
takes the place of a core (e.g., Delma, Desperate pegmatites). 

Cores occupy the central positions of most mica-bearing pegmatites. They 
vary considerably in composition, shape, and distribution within a pegmatite. 
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Where a quartz core is fairly uniform in shape and attitude, its plunge is a 
good indication of the plunge of the pegmatite as a whole (e.g., Whistle Duck 
pegmatite). 

Pinching and swelling of the cores of Harts Range pegmatites are related 
to constrictions and bulges of the entire pegmatite. Where a pegmatite nar- 
rows sharply, the core generally cuts out altogether. Some indication of the 
behavior of the walls of a pegmatite is therefore gained from the form and 
attitude of the core. 

Three types of cores were recognized in the mica-bearing pegmatites of 
the Harts Range: uniform tabular bodies, series of regular lenses, and irregu- 
lar “blows.” Uniform tabular bodies are in every way similar to a zone. 
They are concordant with the surrounding zones and with the walls of the 
pegmatite, and are useful guides in mining. In fissure veins of the common 
type, in which commercial muscovite is restricted mainly to the hangingwall 
wall zone, or to the wall and intermediate zones, all rock between the hanging- 
wall margin of the core and the hangingwall border zone is mined. Regular 
cores are developed in the Billy Hughes, Disputed, Benstead, Eldorado, and 
Whistle Duck pegmatites. 

Irregular “blows” of quartz are developed in some of the less regular mica- 
bearing pegmatites with multiple controls. The Caruso pegmatite contains 
a large mass of quartz that appears to be asymmetrically situated with respect 
to the walls. The central pegmatite contains many sporadically distributed 
lenticular pods. The Oolgarinna pegmatite contains some large masses of 
quartz that are distributed at random, but are probably of pipe-like shape and 
possibly reflect the plunge of the pegmatite body as a whole. 

The cores of the Harts Range pegmatites generally consist of quartz. The 
quartz is either clear, as in the Spotted Tiger pegmatite, or milky, as in the 
Eldorado pegmatite. In rare instances, sections of the core consist of gray 
smoky quartz, as in the Lone Pine pegmatite. 

In some pegmatites, the quartz core contains large perthitic microcline 
crystals. Some of these crystals are euhedra measuring several feet in diame- 
ter. Excellent examples of this association occur in the upper portion of the 
core of the Disputed pegmatite. 

In the Benstead pegmatite, the quartz core contains numerous small euhedra 
of clear muscovite, an association which is common in muscovite-bearing peg- 
matites in other parts of the world; in Brazil it is known as mica canga, and 
is there described (Pecora 1949) as occurring in potash feldspar. As in the 
border zones, the mica books are far too small to be of economic importance. 

Where quartz cores are almost or entirely absent, their place in some peg- 
matites is taken by lenticular bodies of perthitic microcline, which alternatively 
could be regarded as incomplete intermediate zones. In the Rex pegmatite 
the quartz core is very thinly developed in a few places, but a massive “blow” 
of perthitic microcline occupies a portion of the lower part of the main stope 
where the pegmatite is thickest. 

Fracture Fillings and Replacement Units.—The replacement of pre-existing 
pegmatite by residual material is rare in the development of the Harts Range 
pegmatites. The minerals principally associated with the formation of re- 
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placement units in these pegmatites are quartz, cleavelandite, sugary albite, 
and a flaky, yellow-green mica of unknown composition. Cleavelandite occurs 
in the Oolgarinna and the Caruso pegmatites. Sugary albite was found in 
association with quartz and yellow-green mica on the dumps of the Whistle 
Duck pegmatite. Yellow-green mica is also fairly common in the Eastern 
Chief and Central pegmatites. The flakes of this mica are generally 1 cm in 
diameter and not more than a few millimeters thick, and are invariably asso- 
ciated with quartz and secondary albite. 


Mineralogy of the Pegmatites 


The Harts Range pegmatites consist essentially of quartz, perthitic micro- 
cline, plagioclase, and muscovite. Numerous other minerals occur in acces- 
sory amounts. : 

Quartz——The most common variety is a milky quartz that occurs as 
large, irregular “blows” and cores. Translucent, glassy quartz is in many 
places associated with deposits of commercial muscovite, and may be light to 
medium gray, as in the upper levels of the Spotted Tiger mine. 

Where quartz is dark gray, some radioactive accessory mineral may be 
present, as, for example, samarskite in the Lone Pine pegmatite and betafite 
in the Last Hope pegmatite. Rose-colored quartz has been recorded from 
several pegmatites, as, for example, the Kismet and Ajax. Quartz in crystal 
form occurs in many pegmatites, but none of optical quality has thus far been 
found. The Disputed pegmatite contains cavities from which large flawed 
crystals and aggregates of elaborately twinned crystals have been recovered. 
Aborigines have brought to some mine owners clear crystals that are spoiled 
by small air bubbles or by sagenitic structure. 

Perthitic Microcline-—The most common feldspar in the Harts Range 
pegmatites is perthitic microcline. Non-perthitic microcline is rare, and 
orthoclase, perthitic or non-perthitic, is even rarer. 

The four main types of albite intergrowths recognized by Anderson (’28), 
film perthite, string perthite, vein perthite, and patch perthite, are common in 
pegmatites from the Harts Range. 

Although the type of film and string perthite is generally fairly constant 
for one particular pegmatite, the quantities and sizes of the varieties of albite 
intergrowth vary within wide limits. Their quantities are difficult to deter- 
mine micrometrically with a good accuracy, but in the case of the Disputed, 
Blackfellows Bones, and Eldorado pegmatites, the variations in the content 
of film and string albite among random specimens from the same reef were 
estimated to exceed 5 percent of the total rock volume. 

Film and string albite, where oriented parallel to the (100) face of the 
host microcline, are almost invariably associated with extremely finely twinned 
microcline. The areas of microcline with this fine quadrille structure may 
occur as irregularly distributed patches with no evident relationship to the 
crystal structure, or as bands oriented parallel to (010) or (100). In cases 
where the bands trend parallel to (010), the intergrown vein and string albite 
is, as in all other cases, parallel to (100). 
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String perthite parallel to the (010) direction of the microcline host is rare. 
The only unquestionable example of this type of intergrowth was found in a 
specimen from the Delma pegmatite. The individual strings are approxi- 
mately .002 mm in diameter and .02 mm long. They are restricted to areas 
in which the quadrille structure of the microcline host is very fine. Vein 
albite and patch albite are associated with the string-like intergrowth. 

Vein perthite grades into patch perthite. As in other types of albite inter- 
growth, the quantities of patch and vein albite intergrown in microcline are far 
from constant, even in one particular pegmatite. Variations of as much as 
9 percent were estimated in random specimens from the Eldorado and the 
Caruso pegmatites. In most cases, a preponderance of vein and patch perthite 
is compensated by a deficiency in the finer albite intergrowths; similarly, the 
perthites that are richest in film and string albite contain only minor amounts 
of the coarser albite intergrowths. 

The rules of orientation of patch and vein albite are less rigid than those 
of string and film albite. Most albite veins of reasonably regular distribution 
and constant width are parallel to the trace of (100) on (001). In many 
cases, the veins also branch off parallel to (110) and (110) ; none are parallel 
to (010). Irrespective of their attitude on (001), most veins are inclined to 
the basal plane at 74°. In hand specimens the albite lamellae are generally 
more prominent on (010) than on (001). 

Vein albite appears on (001) either as rectilinear streaks of uniform width, 
as irregular networks of veinlets, as discontinuous patches of varying width, 
or as sets of veinlets given off by some prominent direction of cleavage or 
parting. In perthites in which the distribution and character of the veins are 
not regular, the (100) and (110) directions may control the orientation of 
the intergrown albite to approximately equal extents. In such cases, networks 
of veinlets are common. Where the veins are discontinuous and of greatly 
varying widths, the distinction between vein and patch albite becomes rather 
nebulous. True patch albite is dependent on the crystallographic structure 
of the host to a very limited extent, if at all (Fig. 5). 

In the moonstone-like perthite of the Blackfellows Bones pegmatite, the 
mise-en-place of albite in microcline has taken place in crystallographically con- 
trolled fractures in the host. Coarse microcline cross-hatch twinning is re- 
stricted to the environment of these fractures; the remaining areas are either 
very finely twinned or untwinned within microscopic limits. 

Coarse microcline twinning is invariably associated with albite veins. The 
development of albite veins in fractures is clearly visible even in the hand 
specimen. In the specimen shown in Figure 6, crystallographically controlled 
fractures are associated with well-developed microcline twinning, in this in- 
stance without albite veins. A significant feature of this illustration is that a 
broad irregular crack that is unrelated to the crystallographic structure of the 
microcline is not associated with pronounced microcline twinning. 

Vein albite is invariably in optical continuity with the microcline host. 
The (010) directions of both minerals are parallel. This relationship holds 
even in patch albite of extremely random distribution, and in vein albite which 
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Fic. 5 (upper left). Patch albite associated with muscovite in perthitic micro- 
cline, Rex pegmatite. (Crossed nicolar, X 35; photo G. Reid.) 

Fic. 6 (upper right). Coarse microcline twinning adjacent to cracks in 


perthitic microcline, Blackfellows Bones pegmatite. (Crossed nicols, X 18; photo 
G. Reid.) 


Fic. 7 (lower left). Hematite-goethite lattice stain in muscovite from Ool- 
garinna pegmatite. (Natural size; photo G. Reid.) 

Fic. 8 (lower right). Linear hematite stain in muscovite from Blackfellows 
Bones pegmatite. (Natural size; photo G. Reid.) 


has every appearance of having been introduced as replacing material along 
structural imperfections in the host microcline. 

Vein albite is commonly associated with small quantities of muscovite and 
quartz (Fig. 5), the orientation of which is generally not visibly controlled by 
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the crystallographic structure of the microcline. In the case of a specimen 
from the Whistle Duck pegmatite, a small percentage of muscovite is in optical 
continuity with vein albite. In some cases quartz or muscovite partly re- 
places the vein albite, and, very rarely, quartz and muscovite replace each 
other. With respect to these associated minerals, patch and vein albite differ 
from string and film albite. 

The analyses of three perthites are listed in Table II. The specimens for 
analysis were selected from muscovite-bearing pegmatites from the western, 
central, and eastern districts of the Harts Range mica belt. Further, they 
differ markedly in appearance, color, and type of albite intergrowth. 

From the analyses, the relative proportions of normative orthoclase, albite, 
and anorthite in each perthite were calculated. The values for each mineral 
correspond closely in the three specimens examined. 

The quantities of visibly intergrown patch and vein albite were estimated 
for the analyzed perthites, and for six other perthites from different pegmatites. 
The values for (i), (ii), and (iii) in Table II are 11.8, 13.7 and 4.3 percent, 
respectively. The constancy of the normative percentages of the various feld- 
spars in the perthites indicates that the sum total of patch, vein, film, and string 
albite is not subject to a great deal of variation; the inference is that the defi- 
ciency in patch and vein albite of (iii) in Table II is compensated by a cor- 


TABLE II 


COMPOSITION OF HARTS RANGE PERTHITES 








(i) (ii) | (iii) 





| 
SiO: 63.27 64.13 63.85 








| 

Al:Os 19.10 19.00 19.37 
Fe20; 0.96 0.40 0.25 
MgO 0.16 0.08 0.04 
CaO 0.22 . 0.31 0.25 
Na:O 1.64 1.58 1.54 
K:0 13.52 13.92 13.82 
H:0- 0.68 0.04 0.08 
H:0+ 0.24 | 0.20 0.26 
TiOz 0.06 Nil Nil 
BaO | tr. 0.08 0.30 

99.85 99.74 | 99.76 


PERCENTAGES OF NORMATIVE FELDSPARS 








Orthoclase 











| 
84.24 84.68 85.15 
Albite 14.60 13.74 13.56 
Anorthite 1.16 1.58 1.29 
} | 
| 100.00 100.00 100.00 





(i) Perthite from intermediate zone of Disputed pegmatite, Harts Range; Avery and Ander- 
son, analysts. 


(ii) Perthite from core of Blackfellows Bones pegmatite, Harts Range; Avery and Ander- 
son, analysts. 


(iii) Perthite from intermediate zone of Last Chance pegmatite, Harts Range; Avery and 
Anderson, analysts. 
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responding excess of the two finer-grained types of albite intergrowth, string 
and film albite. 

In all attempts to estimate micrometrically the quantities of string and film 
albite in the perthites that were analyzed chemically, the total values for inter- 
grown albite proved to be slightly in excess of the values calculated from the 
chemical analyses. The error was probably introduced by the inclusion in 
the micrometric reckoning of the thicknesses of the traces of some cleavage 
planes along which no albite exsolution had taken place. As this error could 
not be of very considerable magnitude, nearly all of the normative plagioclase 
proved to be present by chemical analysis can be assumed to be microscopically 
visible. 

Origin of the perthites——Most investigators have agreed that film and vein 
perthite are formed by exsolution of albite from solid solution in potash feld- 
spar, and that vein and patch perthite are due to the hydrothermal replacement 
of potash feldspar by juvenile liquids rich in soda. 

Exsolution depends on the decreasing mutual solubility of soda feldspar 
and potash feldspar with falling temperature. According to Spencer (7), this 
solubility drops sharply from approximately 20 percent to 8 percent at or near 
the inversion temperature of orthoclase to microcline. At the temperature of 
the inversion, the remaining 12 percent of albite, which could be held in solid 
solution before the inversion, separates out as perthitic intergrowths. 

Some structures in the Harts Range perthites indicate that pressure influ- 
ences the formation of optically recognizable perthite : 

(i) Microcline twinning is invariably coarsest adjacent to cleavage- 
controlled fracture planes along all or parts of which vein albite is developed. 

(ii) Vein albite is nowhere associated with the fine microcline twinning 
that generally surrounds film and string albite, and which does not occur in 
the vicinity of fracture planes. 

(iii) Cracks not controlled by the crystallographic structure of the micro- 
cline, and probably formed during mechanical handling of the rock-slice, are 
not filled by albite, and are not associated with coarsely twinned microcline. 

These observations suggest that the formation of vein albite is related to 
that of coarsely cross-hatched microcline, which in turn is dependent on the 
yielding under stress of the microcline along fractures controlled by the crys- 
tallographic structure. String and film perthite, on the other hand, probably 
crystallize by exsolution of albite from a two-feldspar eutectic under conditions 
of falling temperature not necessarily associated with directed stress. 

The solution to the problem of the provenance of the vein albite depends 
on whether the development of the perthite took place in a closed or in an 
open system. 

Several facts support the suggestion that vein albite is introduced into 
microcline from external sources and replaces the host: 

(i) The bulk of the patch and vein albite is of very irregular form, in con- 
trast to the exsolved string and film albite. 

(ii) Vein albite occurs in relatively broad fractures from which offshoots 
branch in other directions. 
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(iii) Vein albite in many occurrences is associated with small amounts of 
muscovite and quartz, and in some is replaced by them. 

(iv) In some occurrences, muscovite that was formed in association with 
the vein albite is oriented in the same preferred direction as the albite. 

Other facts indicate that the vein albite might be released from solid solu- 
tion in a manner similar to string and film albite: 

(i) The sum total of string, film, vein, and patch albite is approximately 
constant in three dissimilar specimens that were analyzed. 

(ii) As far as could be ascertained, replacement of microcline by albite 
does not under any circumstances occur to an extent greatly in excess of that 
indicated by the analyses. 

(iii) The microcline host and the intergrowth patch and vein albite are in- 
variably in optical continuity. 

Although the question of the origin of the vein albite is open, the evidence 
given is sufficient to suggest that the theory of hydrothermal replacement may 
not apply in all cases. 

Plagioclase-—The composition of the calc-alkaline feldspars in the Harts 
Range pegmatites ranges from that of median albite to calcic oligoclase. The 
most acidic varieties occur in some border zones, in fracture fillings, and in 
replacement units. Plagioclase in most border zones is more acidic than that 
of the adjacent wall zones. If plagioclase is also present in the intermediate 
zone, it is more soda-rich than in the wall zone. The general compositional 
trend from wall to core is therefore from basic to acidic; the acidic wall-zone 
feldspar is anomalous. 

Pegmatites that contain abundant potash feldspar are characterized by 
fairly acidic plagioclase ; for example, the plagioclase is albite in the Disputed, 
Last Chance, Eastern Chief, Eldorado, Caruso, and Whistle Duck pegmatites. 
In those pegmatites in which potash feldspar is rare or absent, more basic 
compositions of the plagioclase are common; for example, the Billy Hughes, 
Desperate, Benstead, Rex, Oolgarinna, Cehtral, and Dinkum pegmatites con- 
tain oligoclase rather than albite. The most basic plagioclase occurs in the 
Billy Hughes pegmatite, one of the largest ones that do not contain potash 
feldspar. In some pegmatites, such as the Spotted Tiger, zonal variations of 
the plagioclase transgress the compositional boundary between albite and 
oligoclase; the border zone and fracture fillings contain albite, whereas the 
wall zone of blocky feldspar contains oligoclase. 

Antiperthitic plagioclase is rare in the Harts Range pegmatites. Small 
amounts of microcline, derived by exsolution, were detected in plagioclase from 
the Delma pegmatite and from the Rex pegmatite. The microcline, which 
constitutes no more than 1.5 percent of the total feldspar, is in optical continuity 
with the plagioclase host. Cleavelandite and sugary albite occur in the Ool- 
garinna, Caruso, Eastern Chief, and Whistle Duck pegmatites, and replace 
other minerals such as beryl and muscovite. 

Muscovite-—The mica from the cutting sheds and workings of the mines 
that were mapped was sampled and examined. Specimens were selected for 
their imperfections, so that some idea could be gained of the incidence of some 
of the more common defects in muscovite from the Harts Range. 
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TABLE III 


COMPOSITION OF MUSCOVITE 























| 

(i) (ii) (iii) (iv) (v) 
SiO: | 46.10 45.2 45.40 | 44.17 45.57 
AlsOs 34.28 | 38.5 33.66 | 37.35 36.72 
FeO; 0.51 — 2.36 1.29 0.95 
FeO 1.57 — — 0.20 1.28 
MgO 1.25 — 1.86 | — 0.38 
CaO 0.18 — — — 0.21 
Na:O 0.19 — 1.41 1.14 0.62 
K:0 9.98 11.8 8.33 | 10.00 8.81 
H.0- 1.32 Ve ae eS \ 
H:04 458 yes | [5-46 | j5.73 f5.05 
TiO: 0.29 - 1.10 — — 
MnO trace — -- 0.10 n.d. 
F not detected _- | 0.69 0.90 0.15 
Li2xO not detected - | trace _- 0.19 

100.25 100.0 100.27. | 100.88 99.93 
Total O correction 0.29 | 0.37 
Corrected Total | 99.98 100.51 

nH | 











(i) Caruso mine, Harts Range; Avery and Anderson, analysts. 

(ii) Theoretical composition of muscovite. 

(iii) Hiddenite mine, Alexander Co., N. C.; Clarke, F. W., U.S.G.S. Bull. 591, p. 330, 
analysis D, 1915. 

(iv) Miask, Ural Mtns.,’ Siberia; as (iii), analysis,E. 

(v) Bengal, India; Dana, E. S., The system of mineralogy of James Dwight Dana, p. 617, 
analysis 1, 1909. 


The composition cf a specimen of muscovite from the Caruso pegmatite is 
compared with that of muscovite from other parts of the world in Table III. 

The Caruso muscovite is therefore characterized by relatively high silica, 
low alumina and potash, and by the absence of fluorine and lithia. 

Unless “locked” by grains of foreign minerals that transgress the cleavage 
planes, Harts Range muscovite is easily split along the well-developed basal 
cleavage. The hardness of the mica is proportional to the ease of splitting, 
and inversely proportional to the flexibility. The brown (“ruby”) micas are 
less flexible than the green micas, a feature in accord with the superior hard- 
ness of brown mica. 

Practically all commercial muscovite from the Harts Range mines is en- 
tirely fresh and free from secondary impurities. The zone of weathering is 
very shallow, owing to the arid climatic conditions. The general practice is 
to discard surface mica if it is in any way spoiled by weathering. 

“Reeves” are the most common structures that make large books of mica 
unfit for commercial use. Jahns and Lancaster (4, p. 8) defined reeves as 
“lines, striations, shallow corrugations, or small, narrow folds that lie in the 
plane of cleavage.” Reeves are oriented perpendicular to the trace of the 
prismatic and clinopinacoidal faces of the mica, and are therefore parallel to 
the rays of the pressure figure. They are commonly developed in only one 
direction, but if in two, they intersect at approximately 60°. Where reeving 
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is in three directions, the sets are arranged in the form of two adjacent “A”’s, 
having one side in common. In “herringbone” mica, which represents the 
most common structural imperfection in Harts Range muscovite, two sets of 
reeves intersecting at 120° are divided by a central strip of reeves. The cen- 
tral strip is generally perpendicular to the trace of the clinopinacoidal face. 

In most mines a considerable proportion of reeved mica is saved. If they 
do not extend over the entire book, the strips of reeves are removed during 
trimming. Herringbone mica is almost entirely discarded; the cost of trans- 
port is too high to warrant mining it for scrap. The incidence of reeved mica 
is higher in the less systematically zoned pegmatites. In the Delma mine as 
much as 70 percent of the worked mica is discarded prior to trimming on ac- 
count of reeving. 

“Wedge” structure is a common type of imperfection that results from the 
“interlayering of sheets of unequal sizes” (4, p.9). It is common in the mica 
of the Dinkum pegmatite, and is commonly associated with the occurrence of 
lamellar quartz inclusions. 

“Ruling” is a term used to describe sharply defined parting planes; their 
traces on the basal plane are oriented parallel to the rays of the pressure figure. 
The parting planes intersect the basal cleavage at approximately 67°. Ruling 
commonly separates book mica into strip-like or angular fragments from which 
only small sizes of commercial sheets can be cut. In some cases the parting 
planes are so closely spaced that the mica is separated into fibrous aggregates. 

The only secondary impurities in Harts Range commercial muscovite are 
air-stains caused by blasting and by careless handling. Primary air-stain is 
rare. 

“Vegetable stain” is a yellowish, greenish, or brownish discoloration caused 
by the inclusion in cleavage planes of minute crystals. In the case of mica 
from the Last Chance pegmatite, the vegetable stain consists of minute star- 
shaped crystals of goethite and of tiny acicular light grey-green crystals of 
chlorite. In mica from the Eldorado pegmatite, a slight but persistent vege- 
table stain is caused by the inclusion of tiny crystals of goethite and clay min- 
erals. The orientation of the included crystals does not appear to be related 
to crystallographic directions in the muscovite host. 

“Haloes’ with brown or brownish-green centers and ill-defined edges are 
common in mica from the Desperate and Benstead pegmatites ; these impurities 
resemble pleochroic haloes, but do not contain any recognizable cores of foreign 
minerals. They possibly result from the weathering of tiny crystals of allanite 
or garnet. 

Staining of mica by the oxides of iron is common in Harts Range musco- 
vite. Stains of magnetite, hematite, and goethite occur either separately or in 
the same mica crystal. 

Hematite stains commonly form triangular lattices parallel to the rays of 
the percussion figure (Figs. 7, 8). Rosette-shaped patterns of hematite 
commonly merge with the lattice stain (Fig. 7). In many cases intricate 
dendritic patterns radiate from the lattice directions. The color of the hema- 
tite inclusions ranges from bright orange to opaque black. Their maximum 
thickness is approximately .01 mm. Because hematite staining is generally 
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absent from the edges of mica books, and because of its strict crystallographic 
orientation, Frondel and Ashby (3) suggested that the hematite inclusions 
originated by exsolution from the muscovite, but according to the present ob- 
servations, many other minerals such as quartz, biotite, and beryl are also 
oriented in muscovite in accordance with a definite pattern. 

In mica from the Last Chance mine, hematite stains are related to the inter- 
sections of crystallographically oriented cracks in the muscovite. The stains 
are possibly related to exsolution at places where relief from pressure had been 
gained by fracture. 

In mica from the Blackfellows Bones pegmatite, a “linear” stain is common 
(Fig. 8). Tiny hematite inclusions are arranged in trains that are parallel 
to the trace of the clinopinacoid. The individual inclusions are elongated 
parallel to the traces of the prism faces. 

Magnetite inclusions are common in mica from the Billy Hughes mine. 
The crystals are generally flattened parallel to the cleavage; their average 
diameter is 3 mm. 

Quartz and albite commonly occur in muscovite as concordant lamellae. 
In mica from the Disputed mine, the rectilinear edges of the lamellae are par- 
allel to the rays of the percussion figure; where the quartz lamellae are thick, 
they transgress the cleavage planes of the muscovite and “lock” them together. 

Garnet crystals are either flattened parallel to the cleavage of the mica, or 
retain their crystal form and transgress the cleavage of the muscovite. Garnet 
inclusions are generally surrounded by weathering stains of brown iron oxides. 
Where the garnet is entirely weathered, the muscovite is marked by “pinholes” 
that spoil the mica. 

Tourmaline, apatite, and beryl occur in muscovite as long, narrow, perfectly 
formed crystals. Beryl is particularly abundant in the mica from the Disputed 
pegmatite. The c-axes of the included crystals are generally parallel to a 
crystallographic direction of the muscovite. 

Intergrowths of muscovite and biotite are common in some pegmatites, 
particularly in the Blackfellows Bones pegmatite. In the most general type 
of intergrowth, the cleavages of the two minerals are parallel. The traces of 
the optic axial planes of the two species are parallel, and the boundaries be- 
tween them follow definite crystallographic directions. 

In a second type of intergrowth, muscovite and biotite crystals as much as 
4 mm thick are grown into biotite, so that the basal planes of the included 
minerals and of the host are perpendicular. As some of the biotite crystals 
are warped and wedge-shaped, the intergrowth probably took place during a 
period of tension and movement. 


Distribution of Mica in the Pegmatites 


Mica in zones.—The economic importance of the zoning system of pegma- 
tites lies in the distribution of commercial muscovite in the various zones. 
In the Harts Range, as in other mica mining fields, commercial mica has been 
found to be associated with certain zones or zone boundaries, particularly with: 

(a) the intermediate potash feldspar zone near its contact with the quartz 
core; 
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(b) the wall zone of blocky plagioclase near its contact with the potash 
feldspar zone ; 

(c) the wall zone of blocky plagioclase near its contact with the border zone. 

W all-zone Deposits —The wall zones of pegmatites contain the richest mica 
shoots mined in the Harts Range. Where no intermediate zone is developed, 
the wall zone is adjacent to the quartz core. 

Of nineteen pegmatites examined, ten contain prominent wall-zone deposits. 
In most cases the mica occurs close to the contact of the wall zone with the 
adjacent intermediate zone or, where no intermediate zone is developed, with 
the quartz core. In some cases, muscovite is distributed evenly throughout 
the wall zone, which is stoped as a whole, as, for example, in the Billy Hughes 
pegmatite. In rare occurrences, such as at the Spotted Tiger mine, com- 
mercial mica is concentrated close to the margin of the wall zone against the 
adjacent border zone. 

Intermediate-zone Deposits—The largest mica books generally occur in the 
feldspar only several inches from the quartz core. Intermediate zones are less 
reliable bearers of mica than wall zones because of their more irregular nature. 
Constrictions in the walls of a pegmatite generally cause the narrowing or en- 
tire elimination of some of the inner zones, particularly of intermediate zones. 
The Spotted Tiger pegmatite is one of the rare reefs from which considerable 
quantities of mica have been produced from the intermediate zones. 

Core Deposits —In some pegmatites commercial muscovite transgresses the 
contact between the quartz core and the adjacent zones, as, for example, in the 
Billy Hughes pegmatite. At the eastern working face of the Oolgarinna mine, 
large books of muscovite are common in the quartz core, but are practically 
absent from the adjacent feldspar zone. 

Pod Deposits—Some relatively fine-grained pegmatites contain “pods” of 
coarse-grained material that may bear some saleable muscovite. Numerous 
pegmatites of this type occur in the vicinity.of the Central mine in rocks of the 
Brady formation; most of them have been “scratched”—a few of the coarse- 
grained pockets are exploited, after which the reef is abandoned. 

Disseminated Deposits—In unzoned pegmatites, commercial muscovite 
may be disseminated throughout the reef. Generally, only unzoned dikes with 
regular walls contain disseminated muscovite in sufficient quantity to warrant 
mining, as, for example, the Delma, Blackfellows Bones, Dinkum, and Paulina 
pegmatites. In the Delma pegmatite, a layer particularly rich in muscovite 
is equidistant from the walls. 

Mica Shoots.—Even where the location of commercial muscovite has been 
established in relation to a certain zone junction within a pegmatite, the dis- 
tribution of payable mica is not necessarily uniform. Mica is more commonly 
restricted to shoots that generally plunge parallel to the plunge of the pegmatite 
in a manner similar to incompletely developed zones. 

The attitude and occurrence of mica shoots are controlled by the mineralogy 
of the pegmatite (zonal control), and more particularly by its structure. The 
most common structural control of mica shoots is by bulges in the footwall that 
plunge parallel to the keel of the pegmatite, as, for example, in the Spotted 
Tiger pegmatite. In the Desperate pegmatite, the best mica occurs in con- 
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strictions of the walls, which bear a similar relationship to the pegmatite as a 
whole as do the bulges. In the Last Chance pegmatite, mica shoots are re- 
lated to bifurcations of the main reef around “horses” of country rock. Where 
a prominent and regular quartz core is developed, mica shoots plunge parallel 
to the core. 

Generally any pronounced internal or external structural feature of a peg- 
matite may be associated with mica shoots. Internally, a prominent expan- 
sion, contraction, or persistence of a zone may be the controlling feature. Ex- 
ternally, rolls, keels, bulges, crests, or any sharp deflection of the walls should 
be carefully examined for ore shoots. 

Quality of Mica in Relation to Distribution—Some generalizations are 
made from the Harts Range pegmatites concerning the quality of mica in re- 
lation to the position of the mica shoot in the zoning system: 

(i) Mica of good quality is more common in the zones on the hangingwall 
side of the core than in those on the footwall side. 

(ii) Mica associated with plagioclase is almost invariably less stained than 
that associated with potash feldspar. 

(iii) Mica in the intermediate zone is generally characterized by more 
structural imperfections than mica in the wall zone. 

(iv) The quality of mica decreases from the walls of a pegmatite to the 
intermediate zone, as suggested by (ii) and (iii) above. 

(v) Mica that occurs in the quartz core is of higher quality than mica from 
the adjacent feldspar zone. 

(vi) The quality of mica generally improves with increasing lime content 
of the associated plagioclase. 


ACKNOWLEDGEMENTS 


The writer is indebted to many geologists of the Bureau of Mineral Re- 
sources and of the Department of Geology at Sydney University for advice 
and encouragement given in connection with the Harts Range Project. 
Thanks are particularly due to W. M. B. Roberts and S. A. Tomich for co- 
operation and friendship in the field. 


BuREAU OF MINERAL RESOURCES, 
CANBERRA, A.C.T., AUSTRALIA, 
May 27, 1955 
REFERENCES 
1. Anderson, Olaf, 1928, The genesis of some types of feldspar from granite pegmatites: 
Norsk. Geol. Tiddskr., vol. 10, p. 116-207. 
2. Camerson, E. N., Jahns, R. H., McNair, A. H., and Page, L. R., 1949, Internal structure of 
granitic pegmatites: Econ. Grox., Monograph 2. 
3. Frondel, Clifford, and Ashby, G. E., 1937, Oriented inclusions of magnetite and hematite in 
muscovite: Amer. Mineral., vol. 22, p. 104-121. 
4. Jahns, R. H., and Lancaster, F. W., 1950, Physical characteristics of commercial sheet mus- 
covite in the southeastern United States: Prof. Paper, U. S. Geol. Survey, 225. 

. Joklik, G. F., 1955, The geology and mica deposits of the Harts Range, Northern Territory, 
Commonwealth of Australia: Bur. of Mineral Resources, Geol. and Geoph., Bulletin 26 
(in press). 

Pecora, W. T., and others, 1949, Mica deposits in Minas Gerais, Brazil: U. S. Geol. Survey, 
gull. 964-C, p. 205-307. 

. Spencer, E., 1930, A contribution to the study of moonstone from Ceylon: Mineral Mag., 

vol. 22 (130), p. 291-367. 


wm 


6. 


™~ 








DISCUSSION 


COMMENTS ON BIOGEOCHEMICAL PROSPECTING AT 
THE SHAWANGUNK MINE? 


Sir: One premise and a part of the conclusion of the paper, Biogeochemical 
Prospecting at the Shawangunk Mine—A Case Study, by Joseph E. Worth- 
ington (Econ. Grovr., June-July 1955, pp. 420-429) are open to question. 

Worthington states that “Since the vein, bedding, and slope of the hill all 
dip in the same direction, the halo of anomalous concentration’ [of metallic 
ions] should be sharply defined” (italics mine). The geometric basis for this 
premise, however, is not clear, as minor irregularities of attitude of the three 
subparallel surfaces at the Shawangunk Mine should lead to greater irregu- 
larity in the configuration of the aureole of metallic ions than would be the 
case if the dips of the bedding and fissure were at high angles to the land 
surface, 

Moreover, the fact that the sampling did not show the presence of a sharply 
defined halo (“Neither the copper nor the zinc data show much relation to 
structure . . .”) is attributed by Worthington in his conclusions to soil pH 
and the paucity of samples. But this may be the result of at least two other 
factors : 

(1) The distribution of metallic ions may be irregular as a result of non- 
uniform movements of ground water, controlled by joint and fracture systems 
in the bedrock. The almost quartzitic Shawangunk conglomerate forming 
the host rock in this area is highly impermeable except for the many, but 
widely spaced, joints and fractures, and these control the movement of sub- 
surface water through the bedrock. If in this area the halo of anomalously 
high metallic ion concentration is in turn controlled by movements of meteoric 
water, it should be irregularly developed, with loci of concentration related to 
joints and fractures and not directly reflecting the major structure of the ore 
deposit. 

(2) Irregular distribution of metallic ions may result as much from the 
adsorptive qualities of the soil materials as from the pH, emphasized by 
Worthington. Metal ions diffusing away from the source in the vein deposit, 
or being carried in solution by ground water, may be stopped and may gradu- 
ally become concentrated as a result of adsorption on colloidal particles of suit- 
able electric charge, whether these be clay micelles or organic matter (humus). 
Metallic ion concentrations formed by this process would be determined by 
the location of clay pockets and organic soils, and development of the halo of 


1 Published by permission of the Director, U. S. Geological Survey. 
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anomalous metallic ion concentration would be irregular in: relation to the 
structure of the Shawangunk lode. A highly detailed soil map, showing the 
locations of clay pockets and of concentrations of humus in the soil in relation 
to the locations of samples taken, would be required in order to evaluate the 
significance of adsorptive properties of soil materials as well as the effects of 
pH differences in distorting the halo of anomalously high metallic ion concen- 


tration around the Shawangunk ore deposit. 
JuLes FrRrepDMAN 
U. S. GroLocicaL SuRvVEY, 
WASHINGTON 25, D. C., 
May 23, 1955 








SCIENTIFIC COMMUNICATIONS 


AGE RELATION BETWEEN CARNOTITE AND 
CERTAIN FOSSILS FROM THE MORRISON 
FORMATION OF UTAH 


Two fossils recently presented to the Museum of the Department of Geol- 
ogy at Southwestern Louisiana Institute have aroused the interest of the au- 
thors because of a peculiar covering of carnotite that is present. The fossils, 
which were removed from the Morrison formation in the vicinity of Moab, 
Utah, are a portion of a femur of a dinosaur and a fragment of preserved tree 
trunk. The dinosaur bone is 12 inches long by 5 to 7 inches wide. It is 
partially enclosed in a matrix of vari-colored silty sand of the Morrison for- 
mation. The fossil wood is a fragment about 6 by 8 inches in dimension. It 
is not enclosed in a matrix. Both of these specimens are covered with an 
encrustation of drusy crystals of quartz and carnotite. Each seems to have 
been preserved by silicification. 

In order to examine fully the interior of the fossilized materials, sections 
were sawed from them. Under the petrographic microscope, the silicification 
appears as gray, inorganic material with finely disseminated pyrite crystals. 
It is our belief that these materials are the result of replacement by percolating 
waters. It appears, too, that many minute, secondary fractures were devel- 
oped within the fossils, possibly as the result of the burden of the overlying 
sediments. Within these fractures there is a filling of crystalline quartz and 
carnotite, both of which seem to have been deposited at the same time. With 
the exception of the quartz and carnotite, no other materials are evident within 
the fractures. . 

The sections that were sawed out from within the main body of the fossils 
were placed under a Geiger counter, and radiation was absent or so low in 
intensity that it did not make itself evident. As a further test, the slabs of 
material were placed on photographic plates and allowed to remain for 6 days. 
The results of this last test proved completely negative. 

In conclusion, the fossils under examination by petrographic microscope 
and by Geiger counter showed that the replacement of the fossils and the 
deposition of the carnotite did not take place at the same time. This conclu- 
sion is based upon the absence of detectable amounts of uranium from the main 
body of the fossil, save that deposited in the fractures at a later date than 
the time of fossilization. It is evident, too, that the silica and the pyrite, 
which replaced the original bone and wood materials, did not carry detectable 
amounts of uranium. 

The writers wish to express their gratitude to Dr. John C. McCampbell 
and Mr. G. G. Varvaro for their criticisms and to Dr. Paul DeLaup who ran 
the Photographic Tests. 

WittiAM R. PAINE 
Puitip SEFF 
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Neue Beobachtungen an Erzen des Witwatersrands in Siidafrika und ihre 
genetische Bedeutung. By Paut RaAmponr. Abhandlungen d. Deutschen 
Akademie d. Wissenschaften, Berlin, Klasse f. Math. und allgemeine Natur- 
wissenschaften, No. 5, 43 p., 1954. 


This paper is of particular interest to North American geologists inasmuch as 
the geology of the Witwatersrand deposits has a counter-part in the newly estab- 
lished Blind River uranium development on the north shore of Lake Huron about 
eighty miles east of Sault Ste. Marie. About two years ago initial exploration 
started in the Blind River camp and since then “developments in this particular 
region outdistance any blocked out uranium reserve in the world” (Strouth, Min- 
ing Engineering, May 1955). The Blind River camp is nowadays referred to in 
the press as the billion dollar camp and millions of tons of ore have already been 
outlined and the reserves are said to be sufficient to keep the proposed mills going 
for decades. Three companies, Algom Uranium, Pronto, and Consolidated Deni- 
son, have planned mills with a combined capacity of 11,000 tons per day which, 
some authorities claim, will sooner or later be exceeded. The first of these mills 
is scheduled to open in September 1955. 

In contrast to the speedy development of the camp itself is the slow process of 
the accumulation of scientific data. Views on the origin of the ore expressed in 
print or by word of mouth include the following: 1. The uranium deposits are 
epithermal. 2. The uranium deposits are of placer origin. 3. A placer origin for 
the Blind River uraninite is exceedingly unlikely. 4. The diabase is responsible 
for the mineralization. 5. The faults in the area have some bearing on ore 
formation. 

In South Africa the struggle between the “placerists” and “hydrothermalists” 
is almost as old as the camp itself. The brilliant work of Mellor and Young ap- 
peared to have settled the argument to the detriment of the “hydrothermalists” 
and permitted Wagner to write that their (Mellor and Young’s) conclusions are 
“so convincing that it is not likely that they will ever be seriously challenged.” 
Yet in 1953 Davidson cited persuasive evidence that the deposits are of hydro- 
thermal origin. The paper by Ramdohr has given fresh impetus to the latent 
ambitions of the “placerists.” Blind River geologists can take heed of this new 
development. The language barrier together with the fact that the paper is not 
readily available to most geologists made publication of a short summary of some 
of Ramdohr’s conclusions advisable. 

Ramdohr’s study on the origin of the gold-uranium deposits is based on a large 
(about 140) number of superior polished surfaces. Ramdohr expresses himself 
very cautiously but his conclusions leave no doubt that he favors a placer theory. 
He allows for “pseudohydrothermal” effects brought about by magmatic activity, 
radioactivity, and the cover of a tremendous thickness of sediments (six to ten 
miles). The formation of characteristic metamorphic minerals, such as chloritoid, 
is evidence of high temperatures which would be maintained under pseudohydro- 
thermal conditions. 
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Some of the arguments that have been cited against a placer origin include 
(1) the large quantity of pyrite; (2) the absence of black sand; (3) the compara- 
tive rarity of gold nuggets; (4) the presence of uranium; (5) the occurrence of 
pyrrhotite, galena, chalcopyrite and other “hydrothermal” minerals in the sedi- 
ments. How are these difficulties resolved? With respect to points one and two 
Ramdohr is able to differentiate in his polished surfaces several types and genera- 
tions of pyrite including a placer pyrite and pyrite pseudomorphs after black sand. 
Gold is believed to be placer in origin and is associated with typical placer minerals 
but was recrystallized which accounts for the comparative rarity of nuggets. 
“Uranpecherz” (Ramdohr avoids the use of the terms pitchblende and uraninite) 
was deposited as a heavy mineral in the conglomerate and bears evidence of the 
effects of transportation. This observation is extended to include uranium material 
found in carbonaceous matter. The presence of uranium was previously cited as 
evidence against a placer origin, but actually little is known about the behavior 
of newly-formed, coarsely-crystalline uraninite. Pyrrhotite shows evidence of 
derivation from pyrite as a result of the high temperatures; millerite, originally 
enclosed in pyrite, gave rise to pentlandite. Galena was in part derived from the 
uranium minerals. 

The paper contains other contributions that have to do with the mineralogy and 
genesis of the Witwatersrand mineral assemblage. 124 illustrations embellish the 
report. Ramdohr’s arguments should do much to convince many a “doubting 
Thomas.” On page 7 of his paper an invitation has been extended to interested 
persons to submit pertinent questions and if still unconvinced Professor Ramdohr 
will be glad to demonstrate his material. It was a pleasure to study this paper. 


GERALD M. FRIEDMAN 
TALVEY METAL MINEs, 
SAULT STE. MARIE, 
ONTARIO, 
June 7, 1955 


Contribution a l’Etude des Pechblendes Francaises. By JAcgues Gerrroy and 
Jacquetine A. Sarcia. Pp. 157; pls. 12; figs. 27. Sciences de la Terre, vol. 
2, nos. 1-2, Ecole Nationale Supérieure de Géologie, Nancy, 1955 for 1954. 


When the French Commissariat a l’Energie Atomique came into being in 1946, 
not a single workable deposit of uranium ore was known in metropolitan France. 
Through the admirable studies of the Commissariat’s geologists, there have since 
been discovered many important lode occurrences of uranium mineralization, nota- 
bly in the Limousin, Puy-de-Doéme, Sadne-et-Loire, and the Vendée. Some of 
these deposits exhibit the most beautiful developments of uranium ores ever seen in 
Europe. In a well-illustrated monograph, M. Geffroy and Mme. Sarcia have given 
a detailed account of the mineralogy and paragenesis of these ores. In addition to 
typical pitchblende the authors recognize a soot-like supergene oxidation product 
(‘black oxide’ or ‘minerai noir’), always found near the surface, and a parapitch- 
blende (probably the pitchblende II of Kidd and Haycock) resulting from oxida- 
tion in depth. The French uranium lodes, like those of Portugal, are all found in 
country-rock of Hercynian granite and differ from the veins of the Erzgebirge and 
Cornwall, which occur mainly in the aureoles of similar granites, in the absence 
of metals such as nickel, cobalt, bismuth and silver. This first major geological 
publication from the C.E.A. will be supplemented shortly by memoirs on the 
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secondary minerals and on the geology of the individual deposits, thus providing 
a group of works that will form a significant contribution to our knowledge of 
uranium ore-bodies. 
C. F. Davipson 
June, 1955 


General Principles of Geology. By J. F. Kirxautpy. Pp. 327; pls. 6; figs. 84. 
Philosophical Library, New York, 1955. Price $6.00. 


The author is Reader in Geology, University of London, and so brings a British 
viewpoint to another one of the many new books on elementary geology. The 
book is divided into 6 sections, as follows: Basic Principles, Physical Geology and 
Geomorphology, Petrology and Mineralogy, Composition and Origin of the Earth, 
Historical Geology, and Economic Gelogy, with an appendix on map interpreta- 
tion. As may be gathered from the very broad coverage of the subject headings 
and the number of total pages, the subject matter is rather sketchy, in fact so 
sketchy that the student has but a fleeting glimpse of various phases of geology, 
e.g. 514 pages of text on the weathering of rocks; 4 pages on the transportation of 
weathered material; 15 pages on the work of rivers; 70 pages as a whole on 
physical geology; 54 pages on historical geology; and the entire subject of min- 
eralogy, crystallography, petrology, petrography, volcanism and considerable eco- 
nomic geology is covered in 93 pages. Econmic geology (16 pp.) covers water 
supply, building stones, road stones, search for oil, and subsurface investigations. 
The illustrations are scanty and notably lacking in photos—only five. 

Some statements are a bit misleading. For example, in referring to copper 
lodes (of Cornwall?) he states, “The primary ore is a mixture of copper and iron 
sulphide containing 3444 per cent of copper. The copper sulphide is leached out 
and is carried downwards to be precipitated in the zone of secondary enrichment 
as copper sulphide containing up to 70 per cent of copper... .” Rather rich pri- 
mary and secondary ore! 

The book will probably not compete with a number of introductory text books 
on geology that have recently made their appearance. 


Clays and Clay Technology. Edited by JosepH A. PAsk and Mort D. Turner. 
Pp. 326. Bull. 164, Calif. Dept. of Natural Resources, Division of Mines, San 
Francisco, 1955. Price $4.50. 


This bulletin is the Proceedings of the First National Conference on Clays and 
Clay Technology. It includes 25 separate papers by as many authors, arranged 
by the editors in seven parts. Part I, on the Geology and Mineralogy of Clays, 
contains 2 papers by P. Kerr and G. W. Brindley; Part II, Properties of Clays, 
has 4 papers by L. E. Davis, D. R. Lewis, I. Barshad and D. M. C. Mac Ewan. 
Part II covers electro-chemical properties, ion exchange, adosrption, and inter- 
lamellar sorption. 

Part III, the largest one, on Methods of Identifying Clays and the Interpreta- 
tion of Results, includes 9 papers by A. L. Johnson, W. P. Kelley, B. O. Osthaus, 
R. E. Grim, C. D. Dodd, P. G. Nahin, G. W. Brindley, T. F. Bates, and R. A. 
Rowland. This part deals with particle size, interpretation of chemical analyses, 
petrography, dye absorption, infra-red analysis, X-ray, differential thermal analysis 
and electron microscope methods of identification. Methods of identification and 
interpretation are fully covered. 
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Part IV, Clay Technology in Soil Science, contains 2 papers by J. B. Page 
and T. F. Buehrer on the role of physical and chemical properties. Part V, Clay 
Technology in Soil Mechanics, has one paper by F. N. Hveem on the importance 
of clay in soil mechanics, and another by R. C. Mielenz and M. E. King on physical- 
chemical properties and engineering performance. Part VI is on Clay Technology 
in Ceramics, by E. C. Henry. Part VII contains 4 papers by D. H. Larsen, M. R. 
J. Wyllie, N. Johnston, and one by T. H. Milliken, A. G. Oblad, and G. A. Mills, 
dealing with the role of clay in drilling fluids, well-log interpretation, oil reservoirs, 
and as cracking catalysts. 

As may be seen from the list of authors and subjects, the whole field of clays 
is thoroughly covered by a group of competent specialists. The book will prove to 
be a general ready reference to all interested in various phases of the subject of 
clays and their uses. 


Petrographic Mineralogy. By Ernest E. WAntstrom. Pp. 408. John Wiley 
and Sons, New York, 1955. Price $7.50. 


This single ‘work bridges the gap between the theory of petrographic instru- 
ments and classification and identification of minerals and rocks. It covers petro- 
graphic techniques, the universal stage, microscopic examination of minerals and 
aggregates and graphical presentation of data and petrographic calculations. There 
are given descriptions and illustrations of minerals as viewed under the micro- 
scope. Other chapters deal with the rock-making silicates and non-silicates and 
tables for mineral identification. The last three chapters take up the composition 
properties and classification of igneous, sedimentary and metamorphic rocks. 
Numerous diagrams, charts and photos provide ample illustrative material. 

The book is designed for a semester course following a course in the theory 
and application of the petrographic microscope. Emphasis throughout on the use 
of thin sections for the examination of minerals and rocks. 

It should prove to be a very usual book for the beginning student and also a 
handy reference for the specialist. 


The Romanian Oil Industry. By Constantin N. Jorpan. Pp. 357; figs. 13. 
Published for the Mid-European Studies Center of the Free Europe Committee, 
Inc. New York University Press, 1955. 


The author of this book was born in Romania and educated in Turkey and 
Romania, and for many years was connected with a Romanian oil company. He 
is one of the few oil executives who escaped communism and has been sentenced 
in absentia to a long prison term. 

The author discusses the Romanian oil industry in 1947, what happened during 
the communization of the industry under Soviet control and the drop in production 
per workman. He also has chapters on exploration and geology, drilling and pro- 
duction, reserves, refining and transport, marketing and consumption. He em- 
phasizes what the Romanian oil means to the satellite countries in view of the drain 
of Russian oil to China, and to the Korean front. 

The author states that the former numerous plants and their equipment have 
been interchanged, with new Russian equipment added, and partly consolidated by 
the communist monopoly, so that it would be impossible to unscramble the equip- 
ment should the properties ever be turned back to their rightful owners. 
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BOOKS RECEIVED 


FRANK G. LESURE 


U. S. Geological Survey—Washington, D. C., 1955 


Prof. Paper 240-B. Foraminifera of the Lodo Formation, Central California. 
Part 2, Calcareous Foraminifera (Miliolidae and Lagenidae, part). M. C. 
IsRAELSKY. Pp. 31-79; pls. 8; fig. 1; tbl. 1. 

Prof. Paper 260-R. Physical Oceanography in the Marshall Islands Area. 
Bikini and Nearby Atolls, Marshall Islands. Han-Lree Mao and Mozo Yosuipa. 
Pp. 645-684 ; figs. 40. 

Prof. Paper 261. Rare Earth Mineral Deposits of the Mountain Pass Dis- 
trict, San Bernardino County, California. J. C. Otson et al. Pp. 75; pls. 13; 
figs. 19; tbls. 14. Price $3.00. Detailed geologic study of district and rare-earth- 
bearing carbonate rocks. ; 


Bull. 996-E. Surficial Geology of the Louisville Quadrangle, Colorado. H. E. 
MALpeE. Pp. 217-259; pl. 1; figs. 13. 

Bull. 1000-B. Geochemical Prospecting Investigations in the Nyeba Lead- 
Zinc District, Nigeria. H. E. Hawkes. Pp. 51-103; figs. 13; tbls. 8. Price 
25 cts. Results of testing geochemical prospecting methods in tropical environ- 
ment. 

Bull. 1000-C. A Paleozoic Geochemical Anomaly Near Jerome, Arizona. 
L.C. Hurr. Pp. 105-118; figs. 5; tbls. 2. Price 15 cts. Study of relationship of 
heavy-metal concentration in ancient sediments to underlying ore body. 

Bull. 1003-A. The “Clinton” Sands in Canton, Dover, Massillon, and Navarre 
Quadrangles, Ohio. J. F. Pepper, WALLACE DE Wirt, Jr., and Gat M. Ever- 
HART. Pp. 15; pls. 7; figs. 2. Price $1.50. Geology as interpreted from study 
of well records. 

Water-Sup. Pap. 1256. Geology and Ground-Water Resources of Baca 
County, Colorado. T. G. McLaucuiin. Pp. 232; pls. 2; figs. 54; tbls. 9. 
Price $1.50. 

Water-Sup. Pap. 1257. Geology and Ground-Water Resources of the Paints- 
ville Area, Kentucky. J. A. Baxer. Pp. 123; pls. 3; figs. 10; tbls. 7. Price 
79> CRS. 

Illinois Geological Survey, Urbana, 1955 

Circ. 187. Fundamentals of Mineral Conservation. W.H. Voskum. Pp. 34—- 
40. 

Circ. 194. The Flow of Fluids Through Sandstones. W. von ENGELHARDT 
and W. L. M. Tunn, translated by P. A. WirHerspoon. Pp. 16; figs. 2; tbls. 7. 
Rept. 179. Geochemical Prospecting in the Zinc-Lead District of North- 
western Illinois. J. C. Brappury. Pp. 11; figs. 2. 

Ohio Geological Survey, Columbus, 1955 


Inf. Circ. 15. Handbook for Teachers of Earth Science. Mitprep F. MARPLE 
and W. C. Brown. Pp. 61; pls. 15; figs. 6. Excellent guide for high school 
science teachers. 

Inf. Circ. 16. The Geology Along Route 40 in Ohio. PAuLine Smytu. Pp. 
65; pls. 27; figs. 9. Price 25 cts. Includes road logs. 
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American Men of Science, 9th Edit., Vol. I, Physical Sciences. Edit. by 
Jaques CaTTeLtt. The Science Press, Lancaster, Pa., 1955. Now published in 
3 volumes—Physical, Biological and Social Sciences. This volume includes fields 
of Physics, Mathematics, Chemistry and Geology; contains 43,518 names. 
Anthropology. J. E. Mancuip Wuite. Pp. 191. Philosophical Library, Inc., 
New York, 1954. Price $2.75. A pocket book giving an introduction to physical, 
cultural, social, and applied anthropology; nicely written in simple language. 

The Birth and Development of the Geological Sciences. Frank D. ApDAms. 
Pp. 506; figs. 79. Dover Publications, Inc., New York, 1954. Price $1.95. Re- 
publication of the first edition, 1938. 

Bibliography and Index of Literature on Uranium and Thorium and Radio- 
active Occurrences in the United States. Part 4: Arkansas, Iowa, Kansas, 
Louisiana, Minnesota, Missouri, Nebraska, North Dakota, Oklahoma, South 
Dakota and Texas. Marcaret Cooper. Pp. 257-326. Bull. of the Geological 
Society of America, Vol. 66, March, 1955. Price 50 cts. 

The Principles of Chemical Weathering. W. D. Ketter. Pp. 88; figs. 21. 
Lucas Bros. Publishers, Columbia, Mo., 1955. Price $2.75. Discusses processes, 
agents, products and environments of chemical weathering. 

Two Years in the Antarctic. E. W.K. Watton. Pp. 194; illus. Philosophical 
Library, New York, 1955. Price $4.75. An interesting account of a survey of 
British Antarctica and of the East Coast of Graham Land Peninsula (1947-48) 
from a base inside the Antarctic Circle; vivid descriptions of antarctic life and 
exploration; excellent photos. 


Ontario Dept. of Mines, Toronto, 1955 


Geol. Circ. 2. Some Radioactive Mineral Occurrences in the Bancroft Area. 
J. Satrerty and D. F. Hewitt. Pp. 62; pls. 6; figs. 13. 

Geol. Circ. 3. Preliminary Report on the Geology of the Manitouwadge Lake 
Area. E.G. Pye. Pp. 9; pl. 1. 

Sixtieth Annual Rept., Part V, 1951. Geology of Ashmore Township. H. C. 
Horwoop and E. G. Pye. Pp. 105; pls. 24; figs. 12; tbls. 8. 

Sixty-Third Annual Rept., Part 4, 1954. Geology of Delhi Township. K. D. 
Lawton. Pp. 21; pls. 5; figs. 3. 

La Géologie et les Problémes de l’eau en Algérie. Tome II, Données sur 
L’hydrogéologie Algérienne. Pp. 200. XIX* Congrés Géologique International, 
Alger, 1952. Contains 14 papers on hydrology of various parts of Algeria. 

Sobre una Roca Filoneana Adamellitica del Cerro Tandileofu (Prov. de Buenos 
Aires, Argentina). Prertna Pasotti. Pp. 25; figs. 19; tbls. 2. Pub. XLI, 
Instituto de Fisiografia y Geologia, Rosario, Argentina, 1954. 

Strutture e Tessiture di Galena Blenda e Pirite in Alcuni Giacimenti delle 
Alpi Orientali. Dino pe Corpertatpo. Pp. 20; pls. 7; figs. 5. Padova Univer- 
sity Press, Padova, Italy, 1954. Description of mineral structure and texture in 
galeno-sphalerite-pyrite deposit in Italy. 

Mieczaki Miocenskie, Ziem Polskich i Krajow Sasiednich (Poloniae Finitiar- 
umque Terrarum Mollusca Miocaenica). Czesc I. StemMAxki. Pp. 235-440; 
441-628; pls. 24; figs. 33. Wydawnictwa Geologiczne, Warsaw, 1954. Descrip- 
tions of Miocene gasteropods and scaphopods of Poland. 

Bore-Hole Temperatures in the Klerksdorp and Orange Free State Areas. 
R. F. Bouwer. Pp. 35; tbls. 31. Bull. 22. South Africa Geological Survey, 
Govt. Printer, Pretoria, 1954. Price 3s. 














SCIENTIFIC NOTES AND NEWS 


Ratpew H. Wipott, one-time chief of the U. S. Atomic Energy Commission’s 
Exploration Division Geologic branch at Grand Junction, Colorado, has been named 
deputy director of the Exploration Division. This division, with headquarters at 
the Grand Junction Operations Office, conducts the AEC’s program for discovery 
and appraisal of uranium ore deposits in the Colorado Plateau area. 

*RE ALE as 2c cist, ini ngi er ¢ Ae s 

Frep HAtey has resigned as geologist, mining engineer and field scout for the 
St. Lake City, Utah office of the United States Smelting, Refining and Mining 
Company. He has accepted a position as mine manager for Wyoming Uranium 
Corporation at its uranium properties in Fremont County, Wyoming. 

E. J. WENDEBORN has been appointed Senior Exploration Geologist for Hawker 
Uranium Mines, Limited, Edmonton, Canada. 

JouN KENNETH Jones is field geologist, Anaconda Copper Mining Co., Reno, 
Nevada. He was with International Smelting and Refining Co., Salt Lake City. 

Frepertck T. Quiett, formerly chief engineer, New World Exploration, Re- 
search and Development Corp., Van Nuys, Calif., is chief engineer, Perini Mining 
Co., Grand Junction, Colo, 

Mere H. Guts is in Australia on exploration work. He also plans to visit 
the Orient. His address is c/o American Express, Sydney, Australia. 

N. M. B. BLacksurn has been appointed an inspector of mines for the Federa- 
tion of Nigeria. A 1951 graduate of the School of Metalliferous Mining, Cam- 
borne, England, Mr. Blackburn was formerly mining engineer with Uruwira Min- 
erals Ltd., Mpanda, Tanganyika. 

ALAN A. SHARP, who had an office in Moab, Utah, where he was engaged as a 
mining consultant, gave up his practice to join the U. S. Bureau of Land Man- 
agement as a mineral valuation engineer at the state office in Sacramento, Calif. 

James A. Briccs, assistant chief engineer, Phelps Dodge Corp., Morenci, Ariz., 
has been transferred to Ajo, Ariz., where he will be assistant mine superintendent. 

A. E. Mrtvar has been elected president, Nevada Mining Assn. Mr. Miller is 
general manager, Yerington Copper Mining Div., Anaconda Cooper Mining Co. 

Atrrep O. Wooprorp, Chairman of the Department of Geology of Pomona 
College, will end his 40-year career on the Pomona College faculty by retirement 
in June. 

Grorce R. Heyt, formerly a member of the U. S. Geological Survey, and 
during the past six years Chief Surface Geologist with the Creole Petroleum Cor- 
poration in Venezuela, is being transferred to the Standard-Vacuum Oil Company 
to be their Manager of Exploration in Melbourne, Australia. 

Witt1AM RicHarp Jones has been awarded the Gold Medal of the Institution 
of Mining and Metallurgy, in recognition of his services to the science of economic 
geology and to the institution. 
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JoszrpH Burr TyrreLt has been awarded Honorary Membership of the Insti- 
tution of Mining and Metallurgy, in recognition of his work in the exploration 
and development of the mineral resources of Canada. 


Puitiip L. Merritt, former assistant director for exploration of the U. S. 
Atomic Energy Commission Division of Raw Materials, Senior Geologist of E. J. 
Longyear & Co., and director and advisor of the Atomic Development Mutual 
Fund, Inc., was elected director of Sodak Uranium and Mining Company, Inc., 
according to C. R. Boyle, President. 


A REGIONAL MEETING OF THE MINING Brancu oF AIME, sponsored by the 
Black Hills Section of AIME, will be held October 2-5, 1955. Eight papers will 
be presented and there is a choice of 6 field trips, including the Homestake mine, 
uranium, pegmatite, bentonite and light aggregate deposits. 





